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It is a truism that trees do not ‘move’. However, this only is correct for a certain degree of 
interpretation. It is indeed a fact that trees do not change position. But, trees do ‘move’ 
when considering their change in dimension. In addition to the well-known process of 
growth, the stem diameter of each tree fluctuates (‘moves’) on a daily basis due to the 
utilization of internally stored water. But, first things first… 
 
Based on the general static picture one previously had about trees, it is not a surprise that 
trees are regarded as simple rigid tubes through which water transport occurs. In 1948, van 
den Honert introduced the first mathematical model to describe this simple type of water 
transport. His model, being based on an electrical analogon circuit, assumes steady-state 
flow conditions, i.e. the water uptake by the roots equals the water loss by leaf 
transpiration. However, this assumption is not realistic as is documented by the many 
reports in literature about the time lags between water losses and water uptake. These time 
lags only are possible because of the fact that trees, in addition to soil water, also utilize 
internally stored water. Measurements of stem diameter variations indeed demonstrate the 
existence of stored water, which is daily depleted and subsequently replenished causing a 
shrinking and swelling of the stem diameter (daily ‘movement’). This experimental 
evidence clearly indicates that water transport in trees is indeed highly dynamic.  
 
Although this dynamic type of water flow has already been acknowledged in the scientific 
community for some time, many ‘older’ water transport models still regard a tree as a 
simple rigid tube where steady-state flow occurs. Therefore, the primary objective of this 
PhD study is to adjust the model of van den Honert for the true dynamic flow in trees. As 
such, water storage and fluctuation of the stem diameter can be accounted for. Some 
existing models already perform this task (Perämäki et al., 2001; Zweifel et al., 2001), but 
the new flow and storage model developed in this study also accounts for the stem 
diameter variation due to growth. Another objective is the translation of the identified 
hydraulic resistance parameters used in the model in terms of what is really going on inside 
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tree stems. This is done by establishing a link between the model resistance parameters and 
the real hydraulic function of tree stems as it can be inferred from anatomical 
characteristics of the xylem. 
 
However, before this modelling exercise could be tackled, the physiological processes 
explaining the fundamental water transport dynamics and the stem diameter variations had 
to be elucidated.  
 
For this reason, the first introductory chapter describes the theory of water transport in 
trees and addresses some fundamental aspects of tree water relations. Questions are asked 
by what mechanisms water moves in trees; what are driving forces for water movement 
and what biotic and abiotic factors determine the amount of water moving through trees. 
Also, the differences between steady-state and dynamic water flow are explained in this 
chapter. The experimental proof for dynamic water flow in a mature beech tree during the 
special situation of a solar eclipse is given. At the end of the chapter, the final objectives of 
the thesis are defined with more detail. 
 
In order to confirm the theoretical insights acquired for dynamic water flow and to further 
increase our understanding of the role of stored water in the regulation of this flow, the 
need for experimental validation arose. Chapter 2, therefore, describes an experimental 
system especially designed and built for the analysis of the sap flow dynamics in young 
trees in growth room conditions. Young beech (Fagus sylvatica L.) and oak (Quercus 
robur L.) trees were chosen as model species in this study because of their striking 
difference in wood anatomy. As such, the species are expected to show clear differences in 
sap flow behaviour. Chapter 2 deals with the experimental set-up designed and constructed 
for measuring leaf transpiration rate, sap flow rate and stem diameter fluctuation. It also 
discusses the influence of the microclimate around the young model tree and how it can be 
controlled. Some of the problems encountered are highlighted and the importance of sensor 
calibration and validation is stressed. This chapter also complements the technical 
description of the experimental system with typical results. Where possible, they are 
interpreted in terms of dynamic water flow characteristics in order to improve as such our 
understanding of water transport in trees. Furthermore, it is demonstrated that the 
experimental set-up is indispensable for the collection of dynamic datasets, needed for 
calibration and validation of the newly developed flow and storage model.  
 
Chapter 3 focuses entirely on the new flow and storage model for simulation of sap flow 
rates and stem diameter fluctuations (caused by both the change in water storage and the 
growth component), the only input variable being leaf transpiration rate. Two different 
model approaches are discussed in this chapter, i.e. the hydraulic approach (partly relying 
on the model of Zweifel et al., 2001) and the resistance-capacitance approach. Following 
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the theoretical description and the sensitivity analysis, calibration and validation of each 
approach is carried out. Towards the end of the chapter, the beech and the oak model tree 
are compared in terms of their water flow dynamics, water storage capacities and tree-
specific hydraulic characteristics. This is done at different moments throughout the 
growing season.  
 
During identification of the flow and storage model based on experimental data, model 
parameters are estimated and quantified. Such parameter estimations may remain rather 
abstract and, perhaps, meaningless in terms of what is really going on inside a tree stem. 
Therefore, Chapter 4 attempts to link the hydraulic resistance parameters used in the model 
to the wood anatomical characteristics of the tree stems. Chapter 4 thereby introduces a 
new approach, i.e. X-ray computed microtomography (microCT) which allows non-
invasive determination of the anatomical characteristics of small wood samples. The new 
technique is also compared with classical microtomy and light transmission microscopy. In 
addition, new software to facilitate the image processing of 2-D microCT slices and the 
rendering of 3-D images of xylem tissue is also discussed and tested.  
 
As the results discussed in Chapter 2 and Chapter 3 were obtained in controlled conditions 
only, the need arose for additional tests of the flow and storage model in field conditions. 
Therefore, Chapter 5 evaluates the performance of the dynamic model for a young beech 
and a young oak tree grown under the tree canopy of the experimental forest 
‘Aelmoeseneie’. Particular attention is thereby paid to the realistic simulation of the stem 
diameter variation and the successive day/night cycles of stem sap flow. As was done in 
Chapter 3 for growth room conditions, the simulations of diurnal water storage and tree-
specific hydraulic parameters are critically evaluated. 
 
Finally, the main results of all experiments and simulations performed in this PhD study 
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The purpose of this chapter is to introduce the theory of water transport in trees. In the first 
part of this chapter some fundamental questions about tree water relations will be 
addressed, including where and by what mechanisms water moves in trees, what are 
driving forces of water movement and what determines the amount of water moving 
through trees. Following this introduction, a short overview will be given on how water 
transport can be modelled, pointing out the differences between steady-state and dynamic 
water flow. At the end of the chapter, the objectives of this thesis will be defined. 
1.1 The pathway of water transport 
From a practical point of view, the transport of water in plants and trees, has always been 
of interest. It is well known that most (95 % or more) of the water absorbed from the soil 
by the roots of a tree is not retained in the tree, but evaporates through stomatal pores 
located on the leaf surface; a process referred to as transpiration (Ridge, 2002). Each day, 
water must be moved from the roots to the leaves to replace the quantity lost by 
transpiration. Furthermore, this flow of water also promotes the transport to leaves of the 
mineral nutrients absorbed by the roots.  
 
The general pathway of water movement through a tree is illustrated in Figure 1.1. Soil 
water enters the root through small root hairs that are located on the epidermal cells of the 
root. It moves radially across the root cortex to the central cylinder (or stele) which 
includes the vascular tissue. The water conducting elements of the vascular tissue are 
primarily the non-living and heavily thickened and lignified tracheids and xylem vessels. 
They act as a network of tubes connected one to another, and in which the water can 
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ascend from the roots up to the small veins in the leaves. At the vein ends, the water is 
released from the xylem. After crossing some mesophyll cells and/or cell walls, it reaches 
the substomatal cavity (an intercellular air space) from where it finally diffuses through the 
stomatal pores into the atmosphere as water vapour. The ascent of liquid water through the 
tree induced by this transpiration process is defined as sap flow (or transpiration stream).  
 
Figure 1.1: The pathway of water movement through a broadleaved tree from roots to 
leaves (adapted from Cruiziat and Tyree, 1990). The arrows show the pathway 
through the whole tree (right). Details of the pathway in root, stem and leaf are shown 
on the left.  
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A more detailed discussion on the different cell types and tissues when water moves from 
roots to leaves, is given in the next three sections. This outline will also introduce and 
define the anatomical terminology used throughout the remainder of this thesis. 
1.1.1 Water transport in roots 
The function of plant roots is dual: they anchor the plant to the soil matrix and they absorb 
water and nutrients from the soil. However, water and nutrients have preferential places 
where they enter the root, i.e. the root hairs, which are fine projections developed on the 
epidermal cells and are growing radially in the outward direction. Figure 1.2 shows a 
schematic cross-section of a root at the level where root hairs are found, indicating the 
different types of cells that can act as barriers to water flow.   
 
Figure 1.2: Schematic cross-sectional view of a root, indicating the arrangement of 
the various cell types (adapted from Nobel, 1999) 
 
Starting from outside the root hair, water fairly easily transverses the single-cell layer of 
the root epidermis to reach the cortex. The root cortex consists of a number of cell layers 
characterised by abundant intercellular air spaces. This facilitates the diffusion of O2 and 
CO2. In the cortex, water travels along two pathways: it may move through the apoplast 
(i.e. the continuum of cell walls and other spaces outside of living cells), or through the 
symplast (i.e. the collective protoplasm of cells interconnected by narrow cytoplasmic 
connections, the plasmodesmata, and surrounded by a plasma membrane).  
 
At the endodermis, the cell wall or apoplastic pathway for water movement is blocked by 
the Casparian strips. A Casparian strip is a continuous hydrophobic band around the radial 
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and transverse walls of the endodermal cells, which is impregnated with waxy material, 
including suberin (a polymer of fatty acids) and lignin. Because there are no air spaces 
between endodermal cells, and the radial and transverse cell walls are blocked by the 
waterproof Casparian strip, water must pass through the lateral walls and enter the 
cytoplasm of endodermal cells in order to continue its movement across the root. As such, 
the endodermal cells can represent the only place in the entire pathway for water 
movement from the soil, through the plant, to the atmosphere where it is mandatory for the 
water to enter a cell’s cytoplasm (symplast). In the remaining part of the pathway, water 
can travel through both the apoplast and the symplast.  
 
Having crossed the endodermis, water can make its way into the lumen of the water 
conducting xylem elements. Therefore, it must cross the pericycle, a single layer of 
parenchyma cells that surrounds the vascular tissue which contains both the phloem and 
the water conducting elements of the xylem. The phloem occurs in two to eight strands 
located around the root axis. The xylem generally radiates out between the phloem strands; 
as such water does not have to cross the phloem to reach the root xylem. The root tissue 
between the xylem and the phloem is the vascular cambium which, through cell division 
and differentiation, produces xylem tissue to the inside and phloem tissue to the outside. 
1.1.2 Water transport in stems 
The water absorbed by the roots is conducted to other parts of the tree mainly by the 
xylem. Together with the phloem, the xylem makes up the vascular system found 
contiguously in the roots, stem (Figure 1.3) and leaves of trees. In a tree trunk, the 
functional phloem constitutes only some layers of the inner bark, while the xylem 
constitutes almost all of the stem cross-section (Figure 1.3b). Each growing season, the 
vascular cambium adds secondary phloem to the bark, as well as secondary xylem, or 
wood, to the core of the stem. Notice that the vascular cambium produces considerably less 
secondary phloem than secondary xylem. In addition, the soft-walled cells of the old 
secondary phloem are commonly crushed. 
 
In the xylem an upward transport of water and inorganic solutes (sap flow or transpiration 
stream) takes place, whereas a downward transport (assimilation stream) occurs in the 
phloem. This flow transports the sugars synthesized during photosynthesis. The flow 
direction is from the leaves towards sites where carbohydrates are either utilized for 
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Figure 1.3: (a) Idealized longitudinal (radial) section through a stem, illustrating the 
various anatomical aspects of the xylem and the phloem (from Nobel, 1999); and (b) 
3-D view of a part of a tree trunk, showing its anatomical structure (adapted from 
Raven et al., 1992). 
1.1.2.1 Xylem transport 
The xylem in non-woody plants and in young trees serves a dual function of providing 
both structural support and water conduction. However, as young trees grow older, the 
centre part of the xylem loses its conducting function, and then serves only for support. 
This non-conducting dead wood, referred to as heartwood, is often darker than the 
generally lighter, water-conducting sapwood (Figure 1.3b). However, the proportion of 
sapwood to heartwood, and the degree of visible difference between them vary greatly 
from species to species (Raven et al., 1992). 
 
Before the discussion of the forces driving the sap flow upwards in the xylem, some of its 
anatomical characteristics will be briefly reviewed. In general, the conducting elements of 
the xylem have thick, lignified secondary cell walls and lack protoplasts at maturity; i.e. 
the xylem elements serve their special function of providing the plant with a low-resistance 
conduit for water flow only when they are dead. This is somewhat of a paradox as the vital 
function of water transport is fulfilled by dead cells. 
 
There are two types of conducting elements in the xylem: the vessel members (only found 
in angiosperms) and the more primitive (less specialized) tracheids (found in angiosperms, 
gymnosperms, and the lower vascular plants). Tracheids typically are tapered at their ends, 
whereas the generally shorter and broader vessel members often abut each other with blunt 
a b 
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ends. The end cell walls of the vessel members are typically perforated, meaning literally 
that they bear holes. These end cell walls are referred to as perforation plates. As such, the 
vessel members which are jointed end-to-end, form a long continuous column, or tube, 
called a vessel (Figure 1.3a). In a vessel with simple perforation plates (as shown in Figure 
1.3a) the end walls between the individual members are essentially eliminated. Thus, 
xylem sap moves in axial direction from the root, up the stem, through the petiole, and then 
to the leaves in these hollow xylem ‘cells’. Together they form a complex vessel network 
through the entire tree.  
 
In addition to this axial flow, water can also move laterally from one conducting element to 
the next on its way up in the stem. The secondary cell walls of the conducting xylem 
elements are indeed characterised by depressions, or pits (Figure 1.1). Two principal types 
of pits are found in cells that have secondary walls, i.e. simple and bordered ones. In 
bordered pits, the secondary wall arches over the pit cavity, whereas in simple pits, there is 
no overarching. The physiological significance of this axial and lateral water movement 
through the vessel network is that water in trees taken up by any root ascends in the stem 
and spreads out within the stem’s xylem, thus reaching not only a single branch, but also a 
large part of the crown. In other words, each branch of the crown can obtain water from 
any root. 
 
In addition to vessel members and tracheids (tracheids not being shown in Figure 1.3), the 
xylem system also contains parenchyma cells and fibers (Figure 1.3a). Xylem fibers, which 
contribute to the structural support of plants, are long thin cells with lignified cell walls. 
They often lack protoplasts at maturity, but are generally non-conducting (Nobel, 1999). 
The living parenchyma cells in the xylem are important for the storage of carbohydrates 
and for the lateral movement of water and solutes into and out of the conducting cells.  
1.1.2.2 Phloem transport 
Phloem is the principal food-conducting tissue in vascular plants that transports water and 
assimilate solutes from the sources (photosynthesising leaves) down towards the sinks, 
which consist of all plant parts that are unable to meet their own nutritional needs. 
 
Water and solute movement in the phloem involves cooperative interactions among several 
types of cells. The conducting cells of the phloem are the sieve cells in lower vascular 
plants and gymnosperms, and they are generally the shorter, wider, and less tapered sieve-
tube members in angiosperms (Figure 1.3a). Both types of cells are collectively called 
sieve elements. Mature sieve elements have lost their nuclei and their tonoplast (vacuolar 
membrane) has broken down. So no large central vacuole is present, although the plasma 
membrane remains intact. Unlike the conducting cells of the xylem, the sieve elements 
contain cytoplasm and thus function in a living status. Specialized cells are generally found 
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adjacent to and in close association with the sieve elements. They are called companion 
cells in angiosperms (Figure 1.3a) and albuminous cells in gymnosperms. These cells have 
nuclei and they generally contain many mitochondria. Such cells are metabolically related 
to the conducting cells and may supply them with carbohydrates and ATP. Moreover, 
companion cells and albuminous cells accumulate sugars and other solutes, which may 
either passively diffuse (e.g. through the plasmodesmata that are present) or be actively 
transported into the sieve elements. 
 
Sieve-tube members usually abut end-to-end to form sieve tubes. The pair of generally 
inclined end walls between two sequential sieve-tube members forms a sieve plate (Figure 
1.3a). The term ‘sieve’ refers to clusters of pores, which are lined (not crossed) by the 
plasma membranes. Therefore, solutions moving in the phloem do not have to cross any 
membranes as they flow from cell to cell along a sieve tube.  
 
The mechanism of phloem transport is completely different from the one driving the sap 
flow in the xylem (see Section 1.2). From the several hypothesis proposed in the past and 
explaining the long-distance assimilate transport in the sieve tubes of the phloem, only one, 
the pressure-flow hypothesis, is now widely accepted. The pressure-flow hypothesis, 
originally proposed in 1927 by the German plant physiologist Ernst Münch and since then 
modified, asserts that assimilates are transported from sources to sinks along a gradient of 
turgor pressure developed osmotically.  
 
For more details on phloem structure and/or phloem transport one is referred to, e.g., 
Raven et al. (1992), Lambers et al. (1998) and Ridge (2002). The main focus of this thesis 
will be on the xylem water transport only.  
1.1.3 Water transport in leaves 
Following its ascent in the xylem of the stem, branches and petioles, water finally reaches 
the leaf veins. At the vein ends, water is released from the xylem and moves towards the 
mesophyll cells from where it evaporates from the surface of the cell walls into the 
substomatal cavity. It then diffuses as water vapour out of the leaf mainly through open 
stomata (stomatal transpiration). Figure 1.4 shows a schematic transverse section of a 
typical leaf to illustrate this pathway (see arrows) together with the various cell types and 
anatomical features that are important for transpiration and photosynthesis.  
 
It is important to notice that the liquid water movement in the xylem occurs by mass flow, 
which is a movement of water and solutes together in one direction because of differences 
in pressure. Water vapour molecules evaporated in the substomatal cavity move towards 
the outside atmospheric air by diffusion. This is a random thermal motion of water vapour 
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molecules in all directions yielding a net flux from regions of higher vapour concentration 
to lower concentration. When water moves inside leaf tissue, then its pathway involves a 
mix of diffusion into cells and movement in the apoplast. The latter route, i.e. the mass 
flow through the apoplast, dominates when leaves have open stomata and are transpiring 
rapidly (Ridge, 2002). 
 
Figure 1.4: Schematic transverse section through a leaf, indicating the arrangement 
of various cell types. The arrows indicate the pathway followed by water molecules of 
the transpiration stream as they move from the xylem of a minor vein into the 
atmosphere (adapted from Nobel, 1999). 
 
A small percentage of water vapour molecules may also diffuse across the waxy cuticle 
laid down over the epidermal cells (Figure 1.4), a process called cuticular transpiration. 
However, as shown in Figure 1.4, the pathway of least resistance for gases to cross the 
epidermis, and thus to enter or to exit from a leaf, is through the stomatal pore formed by a 
pair of guard cells. When the stomata are open, the diffusion of water vapour occurs 
mainly through the stomatal pores. However, when stomata are nearly closed, cuticular 
transpiration may exceed the loss of water vapour through the stomata. 
 
Transpiration is sometimes called the ‘unavoidable evil’. Transpiration is an inevitable 
consequence of photosynthesis, because the entry of CO2 molecules through open stomata 
also allows water vapour from the intercellular spaces and substomatal cavities to escape to 
the atmosphere by the same route. However, by tightly controlling the stomatal aperture, 
trees are able to establish an optimal balance between freely admitting CO2 needed for 
photosynthesis and at the same time preventing excessive loss of water vapour from the 
leaves. 
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1.2 The driving force of water transport 
Water moves in a passive way through the entire vessel network, meaning that nor plants 
nor trees have any metabolic water pumps. This in contrast with higher animals and 
humans, where the heart pumps the blood through the arteries of the entire body. The 
question which then arises is how plants, and especially large trees, manage to transport the 
water from the roots up to the leaves which sometimes are located at high levels from the 
ground.  
 
The answer is passive water movement. Passive movement is mainly driven by a pressure 
gradient when water and solutes can both move equally freely (e.g. water flow in a xylem 
vessel). When solute movement is more restricted than the water molecules themselves 
(e.g. water flow across a membrane), then passive water movement is driven by the 
chemical potential of water µw, which indicates the free energy state of water per mole 
(Tyree and Zimmermann, 2002). Water moves passively, i.e. spontaneously, from a place 
A where the chemical potential is µA to a place B where the chemical potential µB is lower. 
By definition the chemical potential of water (µw in J mol-1) can be expressed as (Nobel, 
1999): 
 hgmτVPVVµµ wwwwww +−+Π−= 0  ( 1.1 ) 
where 0wµ  is the chemical potential of pure water for a specific reference state, Vw is the 
partial molal volume of pure water (18.0 × 10-6 m3 mol-1),  Π is the osmotic pressure (Pa) 
due to the attraction of water molecules by dissolved solutes, P is the hydrostatic pressure 
(Pa), τ is the matrix potential due to the attraction by capillary forces (Pa), and mw g h is the 
gravitational term expressing the amount of work required to raise a molar mass of water 
(mw in kg mol-1) to a vertical height h (m), where g is the gravitational acceleration (about 
9.8 m s-2). 
 
The quantity 0ww µµ −  is important for the discussion below. It represents the work 
involved in moving one mole of water from the reference level. This reference can be 
defined as a pool of pure water at atmospheric pressure, at the same temperature as the 
system under consideration, and at zero height level. A difference with respect to this value 
indicates that water is not in equilibrium and that water molecules tend to flow towards a 
location where the difference 0ww µµ −  is lower (spontaneous flow).  
 
It is, however, the practice in plant physiology to measure the chemical potential of water 
in pressure units (pascal, Pa or megapascal, MPa). This can be done by dividing the 
chemical potential by the partial molal volume of water, and, a new quantity, the total 
water potential (Ψ in Pa), can now be introduced: 
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which follows directly from Eq. (1.1) and the identification of mw/Vw as being the density 
of water, ρw. In the vapour phase, Ψ is also related to the natural logarithm of the relative 
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where R is the gas constant (J mol-1 K-1), T is the absolute temperature (K), and p0 and p 
are the saturated water vapour pressure (Pa) and the actual water vapour pressure (Pa) 
respectively. The relative humidity (RH) is then defined as the actual water vapour 
pressure divided by the saturated water vapour pressure, so RH = p/p0.  
 
The driving force which governs the water transport between two locations in a system (a 
tall tree) thus originates from the difference in water potential; whereby water will flow 
spontaneously from a region of higher water potential (less negative) to one of a lower 
water potential (more negative). Taking into account the different forces which can act on 
water molecules, the total water potential can be written as (Nobel, 1999): 
 gp Ψ+Ψ+Ψ+Ψ=Ψ πτ  ( 1.4 ) 
where Ψp  (= P) is the hydrostatic potential or pressure potential, Ψτ (= −τ) is the matrix 
potential, Ψπ (= −Π) is the osmotic potential, and Ψg (= ρw g h) is the gravitational 
potential. The water potential is always expressed in comparison to a reference value for 
pure, free water at atmospheric pressure and at a temperature of 298 K. This value is by 
definition set equal to zero (Lambers et al., 1998). 
 
The components of the total water potential can have a positive and/or a negative value, 
depending on the type of physical or chemical forces which interfere with the mobility of 
water molecules in the system: 
• The pressure potential, referring to the physical pressure exerted on water in the 
system, can be positive or negative. For example, water in the turgid root cortical 
cells or leaf mesophyll cells is under positive turgor pressure exerted against the 
cell walls (Ψp > 0), whereas water in the dead xylem vessels of a transpiring plant 
is under tension or ‘suction’ (negative hydrostatic pressure; Ψp < 0).  
• The matrix potential, dealing explicitly with interactions occurring at the numerous 
air-water interfaces for the interstices of a cell wall, is always negative. Large 
negative pressures in the water in cell wall interstices arise because of capillary 
effects due to the attraction between water and the hydrophilic cell wall surfaces at 
an air-water interface (see Section 1.3.1). Noteworthy is that the distinction 
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between Ψτ and Ψp is to some extent arbitrary, since the energetic consideration for 
the matrix potential is already fully described by the term in µw for hydrostatic 
pressure. For this reason, Ψτ is often included in Ψp. However, use of this term 
might be convenient as a bookkeeping device for handling interfacial interactions 
in cell walls (Nobel, 1999). 
• The osmotic potential, being the chemical potential of water in a solution due to the 
presence of dissolved solutes, has always a negative value because water molecules 
tend to move across a semipermeable membrane from a pure water location (the 
standard against which water potential is defined) into a location containing solutes. 
The higher the concentration of solutes, the stronger the attraction of the water 
molecules and the lower (more negative) is the osmotic potential.  
• The gravitational potential, expressing the work that must be performed to raise 
water molecules against the gravitational attraction of the earth, is positive and is 
only included in Eq. (1.4) when water moves a significant vertical distance in the 
gravitational field. This is the case for tall trees. 
 
Each component of the total water potential refers to exactly the same point in the system 
(systems are: leaf tissue, vessels of the xylem, pores in cell walls, …). The contribution of 
a component can increase or decrease the total water potential value at that point. The total 
water potential of the sap in the vessel network is, however, almost always negative. This 
means that the sap (fluid) is under tension, and thus, can be considered as being pulled 
towards the top of the tree, a concept that is explained by the cohesion-tension theory (see 
next section).  
1.3 The cohesion-tension theory 
1.3.1 Basic aspects 
The generally, but certainly not universally (see Section 1.3.2), accepted mechanism for 
water movement through a tree, is the cohesion-tension theory proposed by Dixon and Joly 
at the end of the nineteenth century (1894). According to the cohesion-tension theory, 
water ascends trees in a state under tension, i.e. with a pressure potential more negative 
than that of the vapour pressure of water (Tyree, 1997). Water transpiring from the leaves 
creates this tension in the xylary sap where hydrogen bonds provide a strong 
intermolecular attraction between water molecules. As such, the tension is transmitted 
through a continuous column of water running from the roots to the leaves. The so-called 
‘water threads’ are ‘sucked’ upward in the lumen of xylem to the regions of lower (more 
negative) pressure potential.  
 
16  Chapter 1 
Transpiration is a process that is ultimately driven by solar energy which is needed to 
overcome the latent heat of evaporation of water molecules and to break the hydrogen 
bonds at the air-water interfaces. Evaporation occurs predominately from the mesophyll 
cell walls (Section 1.1.3). The numerous interstices between the cellulose microfibrils in 
the cell walls form a meshwork of many small, tortuous capillaries, where water is in 
contact with air (Figure 1.5a). Just as for ideal wettable capillaries, the strong adhesion of 
water molecules to the wettable cell walls (cell walls are wettable due to a large number of 
exposed polar groups) causes the xylary sap to rise along the inner walls of the tortuous 
capillaries (Figure 1.5b). 
 
Figure 1.5: (a) Hypothetical thin section through a primary cell wall, indicating the 
cellulose microfibrils and interstices filled with water; and (b) capillary rise. The 
force diagram of the surface tension projected in the upward direction being balanced 
by gravity acting downward is also shown (adapted from Nobel, 1999).  
 
Because a strong water-water cohesion occurs in the bulk solution (water molecules are as 
dipoles), water is concomitantly pulled up into the lumen of the capillaries as water rises 
along the wall. Due to the concave surfaces of the air-water interfaces (menisci), the 
pressure potential of the xylary sap ( xpΨ ) directly behind the menisci of the air-water 









p σ           or          r
x
p
σ2−=Ψ      when r1 = r2  ( 1.5 ) 
where σ is the surface tension at the air-liquid interface (0.0728 N m-1 at 20 °C) and r1 and 
r2 are the two principal radii (m) of curvature for the air-liquid surface, which are by 
convention both positive for concave surfaces. Note that for a cylindrical capillary the two 
principal radii of the curvature are the same (r1 = r2).  
a b 
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The curvature of the air-liquid surfaces determines the value of the negative pressure in the 
xylary sap directly behind the menisci. During transpiration, the radii of the menisci have 
the tendency to decrease, and thus tension will increase [more negative pressure potential; 
see Eq. (1.5)]. As a direct consequence of this negative pressure, the total water potential 
of the xylary sap is lowered; tension being one of the three major components of Ψ when 
the gravitational term can be ignored [see Eq. (1.4)].  
 
This negative pressure, or tension, also leads to capillary rise (Figure 1.5b), because the 
upward force, due to surface tension, overcomes the gravitational pull downwards. For 
example, a cylindrical capillary with a typical radius of 4 nm in a mesophyll cell wall 
(Cruiziat and Tyree, 1990) creates a tension of −36 MPa in the xylary sap directly behind 
the air-liquid surface. This tension can support a water column of 3.7 km, far in excess of 
the needs of any tree. The pulling on the water column that occurs in capillary rise requires 
that water must have substantial tensile strength; tensile strength being the maximum 
tension (force per unit area, or negative pressure) that can be withstood before breaking the 
column. The water-water attraction is based on hydrogen bonds (cohesion), and they lead 
to this tensile strength by resisting the pulling apart of water molecules in the column. The 
large cohesive forces between water molecules thus allow a strong tension in the xylary 
water column, assuring during transpiration the continuous movement of water from the 
root to the surrounding atmosphere. 
 
Water under tension in the xylem, however, is said to be in a metastable state. In such a 
metastable state a change is ready to occur but does not occur in the absence of a 
‘catalysing stimulus’ inside the system. Such a stimulus can be the occurrence of an air 
bubble (Wei et al., 1999). Under normal circumstances, this metastable condition is 
maintained by the intercohesion of water molecules and by the adhesion of water 
molecules to the xylem cell walls. Furthermore, the xylem walls must be completely 
bubble-free, a feature that trees have also accomplished. Indeed, the passage of air bubbles 
into xylem vessels is prevented by the small diameters of the pits in the cell walls and, 
consequently, by the strong capillary forces produced by surface tension within these pits 
[see Eq. (1.5)]. However, when the tension of the xylary sap becomes very negative (below 
a critical or threshold value), air bubbles will be sucked into a xylem element through its 
porous cell wall after all (Figure 1.6). If the air bubbles grow large enough, forming an 
embolism, the continuity of the water column is interrupted. That particular xylem element 






18  Chapter 1 
 
Figure 1.6: Illustration of the air-seeding explanation for xylem cavitation in a 
dehydrated stem: (a) initial state showing two adjacent xylem vessels: V1 being 
embolised (cavitated or air filled), V2 being functional (filled with water); (b) air-
water menisci are created at the pit membrane pores; (c) air is gradually pulled 
through the largest pit membrane pore because the pressure difference across the air-
water menisci increases due to transpiration or dehydration; (d) the air bubble is 
pulled into vessel V2 when the critical pressure difference across the air-water menisci 
is reached; (e) the air bubble evaporates and completely fills V2; and (f) vessel V2 is 
no longer functional, i.e. it is cavitated (adapted from Cruiziat and Tyree, 1990). 
1.3.2 Current controversies 
The idea that water in the xylem is under tension, or negative pressure, was certainly ‘in 
the air’ around 1900, when the cohesion-theory was just called into existence. Many 
researchers did not believe that the cohesion-tension theory provided the full explanation 
for sap ascent in trees; the reason being that (i) it was hard to visualize how water could 
exist in such a metastable state for long periods of times, in many cases for years, and (ii) 
nobody had demonstrated that negative pressures existed (Tyree and Zimmermann, 2002). 
The fact that water can remain in a metastable state for long periods of time involves the 
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particular anatomical structure of the xylem. Indeed, water is confined to the extremely 
intricate network of small and numerous compartments that makes the seemingly 
impossible situation possible. The fact that negative pressures really exist was, beside a 
few early and indirect tests (e.g. Renner, 1912, 1925), not proven until the 1960’s, with the 
development of the pressure chamber, also called the pressure bomb (Scholander et al., 
1965; Figure 1.7a; Box 1.1). Since then, the predominance of the cohesion-tension theory 
seems assured, and this theory is still the most widely accepted mechanism for water 
ascent in trees to date. 
 
However, beginning at about 1990, the validity of the cohesion-tension theory as the sole 
mechanism by which water ascends plants was questioned. The debate was triggered by 
the development of the xylem pressure probe (Figure 1.7b; Box 1.1), which allows for the 
first time direct measurements of negative pressure or tension in individual vessels of 
intact plants (Balling and Zimmermann, 1990). Although such measurements with the 
xylem pressure probe confirmed the existence of tension in the xylem of intact, transpiring 
plants, the tensions often seemed too small to be compatible with a water transport being 
entirely tension-driven (Zimmermann et al., 1994). The measured values were often much 
smaller (less negative) than the tensions inferred from indirect and classical measurements 
made with the Scholander pressure chamber. 
 
Box 1.1 
Measuring negative xylem pressures or tensions 
 
The debate about the validity of the cohesion-tension theory was triggered by the inconsistency 
between the measured results obtained by the classical Scholander pressure chamber, or pressure 
bomb (Figure 1.7a), and the more recently developed xylem pressure probe (Figure 1.7b). 
 
 
Figure 1.7: Schematic diagram of (a) the Scholander pressure bomb for measuring 
negative xylem pressures of severed plant material; and (b) the xylem pressure probe 
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The Scholander pressure bomb is the traditional device used for measuring negative xylem 
pressures of severed plant material and, as such, it is an indirect method. When the plant material 
(e.g. a leaf petiole or a branch) is cut, the xylary sap, which was under tension before cutting, 
recedes into the xylem below the cut surface. The plant material is placed upside down in the 
chamber of the pressure bomb with its freshly cut end protruding through a rubber seal. Pressure is 
then raised in the chamber until sap exudates at the cut end. The positive pressure needed to force 
out the sap, also known as balancing pressure, is equal in absolute terms to the tension that existed 
in the plant material before it was severed. If the osmotic potential of the xylary sap can be ignored, 
the tension is approximately equal to the total water potential (Ψ). 
 
Since 1990, negative xylem pressures are also inferred from the xylem pressure probe. This probe 
allows to measure tension directly in individual vessels of intact plants. The probe consists of a 
micropipette and a plastic chamber, in which a pressure transducer is mounted. The system is filled 
with silicone oil and a small amount of water in the tip of the micropipette. When the tip is inserted 
into a xylem vessel, the xylem pressure is transmitted through the liquid medium and measured by 
the pressure transducer. In some cases, the pressure of the system has to be controlled, which can 




These results evoked considerable scepticism concerning the validity of the xylem pressure 
probe (Tyree, 1997), as maximum tensions measured with the xylem pressure probe are 
limited by cavitation within the probe itself. For example, the largest stable tensions 
measured with the xylem pressure probe to date are on the order of −1.0 MPa; whereas 
tensions approaching –5 to −7 MPa are routinely inferred from pressures obtained with the 
Scholander pressure chamber (Meinzer et al., 2001). Acceptance of the xylem pressure 
probe technique has increased as a result of subsequent studies, showing that xylem 
tensions measured with the xylem pressure probe agree with those inferred from the 
pressure chamber (albeit over a relatively narrow range from 0 to −0.8 MPa due to the 
measurement limitation of the probe itself; Wei et al., 1999, 2001).  
 
Furthermore, the debate caused some researchers to suggest that the cohesion-tension 
theory was not the major explanation for water ascent in plants. As a consequence, there 
has been speculation about alternative mechanisms that might be responsible: the most 
remarkable being the so-called ‘compensating pressure’ theory (Canny, 1995, 1998). The 
latter has been challenged in a series of rigorous critiques (Stiller and Sperry, 1999; Tyree 
and Zimmermann, 2002), and test results failed to support Canny’s proposed theory. This 
failure, in addition with numerous results obtained with the pressure bomb, supports the 
validity of the cohesion-tension theory (e.g. Sperry et al., 1996). The extensive discussion 
of the evidence for the cohesion-tension theory by Tyree (1997) emphasizes that the 
cohesion-tension theory still remains the most acceptable explanations of xylary sap ascent 
in plants. This theory will also be taken for granted for the remainder of this study.  
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1.4 Modelling water flow in trees 
1.4.1 Steady-state water flow 
1.4.1.1 Quantification of the cohesion-tension theory 
Van den Honert (1948) quantified the cohesion-tension theory by considering the pathway 
of water movement through the soil-plant-atmosphere continuum (SPAC) as a catenary 
process, where each part of the SPAC (each catena element) is viewed as a hydraulic 
resistance (analogous to an electrical resistance) across which water (analogous to 
electrical current) flows (Figure 1.8).  
 
Figure 1.8: On the right a schematic representation of the pathway of water 
movement  through the soil-plant-atmosphere continuum (SPAC), and on the left its 
Ohm’s law analogy. The water flow is driven by the differences in water potential 
between the soil (Ψsoil) and the atmosphere (Ψair). The total resistance (R) against 
water flow is seen as the resultant of the root, stem, leaf, stomatal and boundary layer 
(BL) resistances in series. As the water potential difference (here 49.3 MPa) is 
maximal between the leaves and the air, the resistances in the vapour phase are more 
important than in the liquid phase (adapted from Cruiziat and Tyree, 1990; and  
Tyree, 1997). 
 
Van den Honert’s concept of water flow in plants allowed him to propose an Ohm’s law 
analogy. Just as current in an electrical circuit composed of a series of resistances is driven 
by its respective potential differences, van den Honert showed that the driving force of sap 
ascent in plants is the continuous decrease in water potential in the direction of the water 
flow. As water moves along its flow path in response to this driving force, it encounters 
frictional resistances (Boyer, 1985). Thus, when xylary sap ascends in the SPAC from any 
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given point A to a point B, the water flow (FAB, kg s-1) is determined by both the water 
potential difference between the two points and the resistance to flow between these points. 





F Ψ−Ψ=            ( 1.6 ) 
where ΨA and ΨB are the total water potentials in points A and B respectively (MPa), and 
RAB is the resistance along the flow path AB (MPa s kg-1). A more generalised formulation 
of Eq. (1.6) is then: 
 
R
F ∆Ψ=  ( 1.7 ) 
where F is the water flow, ∆Ψ is the total water potential difference and R is the resistance 
along the flow path. Note that the driving force in Eq. (1.7) is not invariably a difference in 
total water potential (∆Ψ), but may be a difference in pressure potential (∆Ψp), or a 
difference in water vapour pressure (∆e). The choice of pressure potential rather than total 
water potential as driving force for xylem water flow can be understood if one realises that 
a difference in osmotic pressure has no direct effect on the flow along the xylem, because 
no semi-permeable membranes are present to generate a pressure. Furthermore, in case of 
xylem water flow, ∆Ψp is very similar to ∆Ψ  because xylary sap, which contains mainly 
water plus some minerals absorbed from the soil, usually has an osmotic pressure above –
0.1 MPa (Jones, 1992); a value that is relatively small compared to negative xylem 
pressures found in deciduous trees which can typically range down to –2.5 MPa (Larcher, 
2003). Note also that in a vertical vessel at equilibrium (hence when Ψ is constant and 
there is no flow) there is a pressure gradient of –0.01 MPa m-1 due to the gravitational term 
(ρw g h). As also this component is small compared to the negative xylem pressures 
generally measured, it is often neglected in plant systems, but it should be included when 
considering movement in tall trees (Jones, 1992). In the gaseous phase of the SPAC 
(Figure 1.8), ∆e rather than ∆Ψ is used in Eq. (1.7), because the major driving force for 
water loss from leaves is the low partial pressure of water vapour in the air compared to the 
almost saturated vapour pressure inside the leaves. This water loss from transpiring leaves, 
in turn, drives the water transport along a difference in hydrostatic pressure between the 
xylem in roots and leaves, and a difference in total water potential between the soil and the 
cells in the roots (Lambers et al., 1998). 
 
At this point, it is appropriate to explicitly address the issue of the validity of equation (1.7) 
as it can only be used when the water flow has acquired a ‘steady-state’ condition. This 
implies that the same quantity of water per hour passes successively through all parts of the 
SPAC from roots to atmosphere, and hence, water uptake (absorption) by the roots must 
equal water loss by leaf transpiration (van den Honert, 1948). This obligatory assumption 
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caused many ‘older’ SPAC models to regard the plant, and also the tree, as a simple rigid 
tube where steady-state water flow occurs. However, this is a strong oversimplification, 
and certainly not true in reality as has recently been shown in studies dealing with dynamic 
(non-steady-state) water transport through individual trees (e.g. Perämäki et al., 2001; 
Zweifel and Häsler, 2001; Steppe et al., 2002). As such, Ohm’s law analogy proposed by 
van den Honert must be generalized to also include dynamic water flow conditions (see 
Section 1.4.2). As will be stated later in this chapter, the quest for such a dynamic model 
forms one of the cornerstones of this study. 
1.4.1.2 Quantification of the water flow in xylem vessels 
As indicated in the previous section, the driving force for water movement in the xylem is 
a difference in pressure potential. Hence, to describe water movement in xylem vessels 
quantitatively, this driving force must be related to the flow. Equation (1.7) can be used for 
this purpose. However, as water flow in xylem vessels (Fv, kg s-1) can be compared with 
the flow in cylindrical pipes, Fv can also be approximated by the Hagen-Poiseuille’s 















∆Ψ=  ( 1.8 ) 
where ρw is the density of water (998.2 kg m-3 at 20 °C), ηw is the dynamic viscosity of 
water (1.002 × 10-3 Pa s at 20 °C), d is the inner diameter of the vessel (m), ∆Ψp/l is the 
pressure potential gradient (Pa m-1) and kh [= π ρw d4 /128 ηw] is the hydraulic conductivity 
(kg s-1 Pa-1 m). The above relationship is very closely related to Eq. (1.7), with the 
differences that a pressure gradient (∆Ψp/l) is used as driving force instead of a simple 
pressure drop (∆Ψp), and that the proportionality constant between driving force and flow 
is now a conductivity (kh) instead of a conductance (K = 1/R) (see also Box 1.2).  
 
The Hagen-Poiseuille’s equation assumes that the fluid in the xylem vessel moves in 
parallel layers, or laminae, with each layer gliding over the adjacent one. Such laminar 
movement occurs only if the flow is slow enough to meet a criterion deduced by Osborne 
Reynolds in 1883. Specifically, the Reynolds number (defined as ρw × v × d / ηw with v the 
average velocity in the xylem vessel) must be less than about 2100 (Munson et al., 1994). 
Otherwise, a transition to turbulent flow occurs and Eq. (1.8) is no longer valid. Laminar 
flow conditions, however, are generally appropriate for liquid flow in plant systems (Jones, 
1992). For example, Nobel (1999) calculated a Reynolds number of about 0.04 for a 
diffuse-porous tree and a number of 2 for a ring-porous tree, both far less than the value of 
2100 at which turbulence generally sets in.  
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Box 1.2 
Conductance and resistance vs. conductivity and resistivity 
 
It is interesting to elucidate the meaning of conductance vs. conductivity, and resistance vs. 
resistivity, as these parameters (Table 1.1) are often (mis)used in models describing the water 
transport in plants. 
 
Table 1.1: Symbols and units of some important hydraulic parameters 
Hydraulic parameter Symbol Unit 
Conductance K kg s-1 Pa-1 
Resistance R Pa s kg-1 
Conductivity k kg s-1 Pa-1 m 
Resistivity r Pa s kg-1 m-1 
 
 
The value of kh, as defined in Eq. (1.8), is a conductivity which means a flow (in kg s-1) per unit 
pressure gradient (in Pa m-1). So, during a measurement of conductivity of a tube of length l, the 
length is incorporated into the pressure drop ∆Ψp, or ∆Ψp/l. Conductance, on the other hand, does 
not take into account the length, and sometimes the distance is not even known. Therefore, 
conductance is defined as a flow (in kg s-1) per unit pressure drop, or ∆Ψp (in Pa). In this thesis, 
conductivity will be given a lower case k, and conductance an upper case K.  
 
Resistivity (r) and resistance (R) are the inverse of conductivity and conductance, respectively. As 
such, the value of R in Eq. (1.7) is defined as a resistance. If the pressure drop in Eq. (1.7) equals 
the water potential difference between the soil and leaves, and T is the whole-tree transpiration 
(kg s-1), then the whole-plant hydraulic resistance, Rp (= 1/Kp), can be estimated as (the evaporative 
flux method; Meinzer et al., 2001): 




One can switch between resistance and conductance, or between resistivity and conductivity, as 
appropriate. When two or more pipes in series are considered it is most convenient to use 
resistances, because resistances in series are additive, i.e. the total resistance of several pipes in 
series equals the sum of their individual resistances. When two or more pipes in parallel are 




It is important to note that the water flow in a xylem vessel is proportional to the fourth 
power of the vessel diameter [Eq. (1.8)]. This means that whenever evolution brought 
about a slight increase in vessel diameter, it caused a considerable increase in hydraulic 
conductivity and dramatically changed the amount of wood needed to conduct a given flow 
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of water. This is illustrated in Figure 1.9. The single large vessel of block A, with a 
diameter twice as large as a vessel diameter in block B, has the same hydraulic 
conductivity as all the 16 vessels of block B together. Thus, to compare conductivities of 
different wood samples, not their respective transverse cross-sectional area nor their vessel 
density, but their sum of the fourth powers of their inner vessel diameters should be 
compared (Tyree and Zimmermann, 2002). This is an important observation that will be 
reconsidered in Chapter 4 with more detail. 
 
Figure 1.9: Prediction of the relationship between vessel diameter and hydraulic 
conductivity according to Hagen-Poiseuille’s equation. The vessel blocks A and B 
have equal conductivity, meaning that one vessel with a diameter of 40 µm (block A) 
is as conductive as 16 vessels with a diameter of  20 µm (block B). Note also that more 
wood cross-section is needed to contain many small vessels having a combined 
conductivity of a few large vessels (adapted from Tyree and Zimmermann, 2002). 
 
The reason why not all modern plants have wide vessels (such a slight evolutionary and 
developmental change as the widening of vessels can make them so much more efficient 
for water transport) is that any increase in efficiency goes hand in hand with a decrease in 
safety. One can easily imagine that the damage to a wide-vessel tree, with only a few wide 
vessels per unit xylem cross-section, will be more severe if one of its vessels gets injured, 
than in case of a narrow-vessel tree with its many vessels per xylem cross-section. 
Therefore, evolution seems to have set an upper limit of the useful vessel diameter at 
approximately 0.5 mm (Tyree and Zimmermann, 2002). 
1.4.2 Dynamic water flow 
1.4.2.1 Basic aspects 
As already indicated in Section 1.4.1.1, plant and tree water transport in the SPAC cannot 
be seen any more as steady-state flow in simple rigid tubes. The assumption that the water 
uptake by the root system exactly equals the water losses from the leaves is not true in 
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reality. It has been shown that leaf transpiration can start several minutes to hours earlier 
than water flow in the stem (e.g. Schulze et al., 1985). Thus, the beginning of water uptake 
by the roots can significantly lag behind the onset of transpiration at crown level. This is a 
consequence of water consumption from internal water storage pools in the tree. Indeed, in 
addition to their function as a pathway for water transport, tree stems also act as important 
water storage compartments (Meinzer et al., 2001).  
 
Generally, transpiration exceeds water uptake from the soil during the early morning hours. 
This causes plants and trees to deplete water from their internal water storage pools which 
are closely located to the sites where water is finally lost to the atmosphere. Thus, while 
the soil is the ultimate (and often the largest) source of water for transpiration, it may not 
be the most significant one when small time scales are considered (Holbrook and Sinclair, 
1992). During the late afternoon, the reverse usually happens and the internal water storage 
pools are refilled whenever water uptake exceeds transpiration. Furthermore, the fact that 
stored water is depleted daily during the morning and subsequently replenished during the 
evening is also demonstrated by the marked diurnal variations in stem radius (Tatarinov 
and Cermak, 1999). Note that during these periods of temporal imbalance between water 
supply and demand, the steady-state relation embodied in Eq. (1.7) is not obeyed. 
Therefore, the latter equation must be generalized to allow for dynamic or non-steady-state 
water flow, whenever an unequal amount of water per unit time moves in and out of 
successive parts of the SPAC (Figure 1.10). 
 
Figure 1.10: Schematic view of the dynamic water flow through a stem segment that 
can store water (left) and its electrical RC analogue (right). The flow into the stem 
segment (Fin) equals the flow out of the segment (Fout) plus the flow into the storage 
compartment (f); the latter is represented by the capacitance C of the RC analogon 
model. During flow, the water encounters a resistance R. 
 
To allow for dynamic flow conditions, the basic Ohm’s law analogy [Eq. (1.7)] can be 
further extended by incorporating a capacitor into the electrical circuit (Figure 1.10). The 
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effect of the hydraulic capacitance is to create a water storage pool that allows the water 
flow into a part of the SPAC (Fin) to be different from the water flow going out (Fout). The 
flow rate into or out of the storage pool (f, kg s-1) is then given by the amount of water 
(W, kg) stored or withdrawn per unit of time, or: 
 outin FFdt
dWf −==  ( 1.9 ) 
where Fin and Fout are the inward and outward flow rate (kg s-1), respectively. As such, 
water is withdrawn from the storage pool if Fin < Fout, and the storage pool is again refilled 
whenever Fin > Fout.  
 
The capacitance, C (kg MPa-1), of any part of the plant system may then be defined as the 






dWC  ( 1.10 ) 
where W (kg) is the mass of water stored in the tissue. The second equality represents the 
integrated form of the first one. Thus, the water storage capacitance defines the mass of 
water that can be extracted from the plant’s tissue per MPa change in water potential. 
 
Water storage involves three mechanisms, each at a different location in the tree, and 
retrieval of stored water from these locations depends on the value of the xylem water 
potential (Tyree and Zimmermann, 2002): 
• The elastic storage within living cells, which are in the stem mainly located in the 
bark (phloem, cambium and parenchyma) and in wood rays (Zweifel et al., 2000). 
Whenever internal stem suction increases (Ψp more negative), water stored in the 
living cells becomes available to the transpiration stream. This is accompanied by a 
volume decrease (i.e. the stem shrinks). The volume rises again when water is 
stored (i.e. the stem swells). In the stem, this mechanism functions within the entire 
natural range of Ψp due to living cells’ elastic properties. The depletion of water in 
living cells is reversible as long as the cell water content or water potential does not 
decrease below a cell-damaging level. 
• Capillary storage, which occurs in the lumens of inactive xylem elements and in 
intercellular spaces of the inelastic xylem tissue. Capillary water is released at 
relatively high Ψp and the maximum release occurs at about –0.2 MPa (Tyree and 
Yang, 1990). For Ψp < –0.5 MPa, the locations containing capillary water are 
almost entirely empty (Tyree and Ewers, 1991). The depletion of capillary water in 
tissues is reversible and depends only on the actual Ψp. 
• Cavitation release (that is storage water released by cavitation), which occurs only 
when Ψp gets very negative (below a critical or threshold value). Under such 
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conditions, previously water-filled xylem lumens of the sapwood cavitate, releasing 
their water to the transpiration stream. The Ψp at which cavitation starts releasing 
water to the stem varies between species. In some species it can start at –0.5 MPa; 
whereas in others it does not start until –4 or –5 MPa (Tyree and Ewers, 1991).  
 
The concept of capacitance, and hence water storage, is of the utmost importance for 
anyone who wants to model the dynamic water flow through trees in real conditions. 
Dynamic water transport will be discussed in Chapter 3. 
1.4.2.2 Proof of the dynamic water flow in a mature beech tree during a solar 
eclipse 
It has been argued in the previous sections that water flow through trees is dynamic. To 
illustrate the dynamic nature of this phenomenon, the sap flow response of a 75-year-old 
beech tree (Fagus sylvatica L.) to the solar eclipse of 11 August 1999 is chosen as special 
case study. Indeed, not only people caught their breath while watching the sudden changes 
of nature during the latest solar eclipse in Belgium, but this fascinating phenomenon had 
also important consequences for the ascending sap flow in trees. Only the main points of 
the paper ‘Sap flow dynamics of a beech tree during the solar eclipse of 11 August 1999’ 
written by Steppe et al. (2002) will be highlighted here as proven experimental evidence 
for dynamic water flow in trees. For more details, the reader is referred to the original 
article. 
Experimental site 
The study was carried out in the experimental forest ‘Aelmoeseneie’ of the Ghent 
University. This forest is situated near Ghent (Belgium) at latitude 50°58’35’’ N and 
longitude 3°49’3044 E; the surface elevation being between 11 and 21 m above sea level. 
The deciduous forest is about 75-year-old and is composed of an oak/beech site in the 
Eastern and an ash site in the Western direction (more details are given by Samson et al., 
1996).  
 
The experimental forest contains a measuring tower of 36.0 m height (Figure 1.11a) and is 
composed of a metal frame with a base of 4 m × 4 m. Five horizontal platforms are located 
at the levels 7.5, 14.6, 21.6, 28.8 and 36.0 m. They allow the positioning of meteorological 
sensors and in situ measurements on individual leaves and branches. The top of the crown 
layer is 9 m below the top of the tower.  
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Figure 1.11: (a) The 36 m-high measuring tower situated in the experimental forest 
‘Aelmoeseneie’; (b) a Dynagage sap flow sensor installed at 21.6 m height on the 
branch of the beech tree growing adjacent to the tower. 
Solar eclipse 
The solar eclipse of 11 August 1999 was not total for Ghent, as the location was just above 
the Northern limit of the zone of totality. The solar disk was covered for about 97 % as 
published on the website by Mathlener et al. (2000). The moon started to obscure the sun 
at 9.07 h Greenwich Mean Time (GMT) or 9.17 h True Solar Time (TST). The beginning 
of the maximum eclipse occurred at 10.25 h GMT (=10.35 h TST). It lasted about 2 min 
and the sun was no longer obscured at 11.46 h GMT (=11.56 h TST) (Mathlener et al., 
2000). The sky had an irregular cover with patchy clouds at the beginning of the eclipse, 
but the sky had cleared when the eclipse was at its maximum. 
Meteorological and sap flow measurements 
The meteorological data for this case study were obtained continuously during the growing 
season of 1999 using a data acquisition system (HP75000 Series B and HP34970, Hewlett 
Packard, Colorado, USA). Incoming and reflected short-wave radiation were measured 
with solarimeters (GS1&2, Delta-T Devices Ltd, Cambridge, UK) about 10 meters above 
the top of the crown layer; while the air temperature was determined at 2 m above the tree 
canopy with a shielded Pt100 resistance sensor (Delta-T Devices Ltd., Cambridge, UK). 
No water shortage existed during the solar eclipse, as the most negative soil water potential 
(measured with tensiometers at rooting depth of –75 cm) was –40 kPa. Outputs were 
recorded every 10 s and the 10 min averages were stored in the memory of the PC 
connected to the data acquisition system. 
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Sap flow measurements were carried out adjacent to the measuring tower on a dominant 
beech tree with branches growing above and below the platforms. At the moment of the 
measurements the beech tree was about 75 years old; it was 27 m high and had a 
circumference at breast height of 193 cm. The sap flow rate was continuously measured 
during the 1999 growing season using heat balance sensors with a constant heat supply 
(Dynagage SGA13-WS, Dynamax Inc., Houston, Texas, USA); a more detailed 
description of these sensors is given in Chapter 2. For the purpose of this case study an 
individual branch was selected; it was located at 22 m height, had a diameter of 14.0 mm 
and pointed towards the south (Figure 1.11b). The sensor was installed following the 
guidelines mentioned in the operation manual (van Bavel and van Bavel, 1990). The 
measured sap flow rate was divided by the total leaf area above the sensor. As such, the 
flow rate of the sap per unit leaf area (FLA in m3 of water per s and per m2 of leaf area) was 
obtained. The total leaf area of the branch was calculated by multiplying the number of 
leaves counted above the sensor position by the mean area of the leaves. This mean leaf 
area was determined from leaves sampled on branches close to the branch with the sensor. 
Leaf area was measured with an optical area meter (Li-3000, Li-Cor Inc., Lincoln, USA). 
 
In addition to the sap flow rate measurement on the branch, the sap flow rate at stem level 
was also measured during the entire 1999 growing season. A thermal dissipation probe 
(TDP30, Dynamax Inc., Houston, Texas, USA) was therefore installed at about 1.3 m 
above the forest soil and positioned on the north side of the tree. The sap flux density was 
determined by the Granier method (Granier, 1985), and the sap flow rate at stem level (J in 
m3 of water per s) was calculated by multiplying the sap flux density by the sapwood area 
of the beech tree. A linear relationship was thereby assumed between the sapwood area and 
the area of the stem section at breast height (Allen and Grime, 1995). The sapwood area of 
a neighbouring tree was determined by injecting dye into the bole through a hole made 
with a 5 mm-Pressler-borer at about 1.3 m above the forest soil. After 2 h, a core was taken 
4 cm above the dye injection point and the area of conducting tissue was determined from 
the thickness of the wood, coloured by the dye as it moves up in the transpiration stream. 
The sapwood fraction was found to be 27 % of the tree’s cross-sectional area at breast 
height, so the sapwood area at the Granier probe was estimated to be 800 cm2.  
 
Both FLA and J were recorded using the same scan rate of the data logger, and averaging 
was done with the same procedure as for the meteorological measurements. 
Calculation of mean diurnal cycles 
A reference line called ‘mean diurnal cycle’ (MDC) was calculated for both the 
meteorological variables and the sap flows. This was done with the 10 min averages of 
four reference days selected in August 1999 on the basis of three criteria (see Steppe et al., 
2002). The MDC graphs represent a base line for conditions which could be expected if no 
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eclipse had occurred on 11 August 1999 and against which the effects of the solar eclipse 
can be compared. 
 
In order to show the effect of the solar eclipse in a quantitative way, the area below the 
MDC was compared with the area below the actual (i.e. measured during the eclipse) 
diurnal cycle (ADC; Figure 1.12). It can be seen that the MDC and ADC differ 
substantially during the time period of the solar eclipse. The area difference indicates the 
time-integrated decrease of the meteorological or sap flow variable due to the phenomenon 
of the solar eclipse (Table 1.2: ‘absolute depression’: MDC-ADC). The depression can also 
be normalised to the total area below MDC, giving the relative depression of the variable 
(Table 1.2: ‘relative depression’).  
 
Table 1.2: Time integrated values for the mean diurnal cycles (MDC) of short-wave 
radiation (Σ Rs), sap flow rate per unit leaf area (Σ FLA) of the beech tree for a branch 
at 22 m height and stem sap flow rate (Σ J) on 11 August 1999. The absolute 
depressions (MDC-ADC; ADC: actual diurnal cycle) calculated during the time 
period of the eclipse and the relative depressions (absolute / MDC) due to the solar 
eclipse are also given. 
Variable MDC Depression 
  Absolute 
MDC–ADC 
Relative 
(MDC–ADC) / MDC (%) 
Σ Rs (MJ m-2) 
Σ FLA (x 10-6 m3 m-2) 











In addition to the time-integrated effects, the differences can also be given at the time of 
the maximum eclipse (i.e. 10 h 26 GMT). This was done by comparing measured data with 
data found from the corresponding MDC (Table 1.3). The maximum reduction, or the 
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Table 1.3: Values for short-wave radiation (Rs), air temperature (Ta), sap flow rate 
per unit leaf area (FLA) of the beech tree for a branch at 22 m height and stem sap 
flow rate (J), measured at the time of the maximum eclipse (10.26 h GMT), in 
comparison with the values inferred from the mean diurnal cycles (MDC). The 
maximum reduction (i.e. the change between pre-eclipse maximum and the following 
minimum) is also given. 
Variable Measured value 
at 10.26 h 




Maximum reduction from 
pre-eclipse value 
Rs (W m-2) 
Ta (°C) 
FLA (x 10-9 m3 m-2 s-1) 

















Sap flow dynamics of the beech tree during the solar eclipse 
The MDC graphs of short-wave radiation (Rs, W m-2), air temperature (Ta, °C), sap flow 
rate of the branch per unit leaf area (FLA) and stem sap flow rate (J), together with the data 
measured during the solar eclipse (ADC graphs), are represented in Figure 1.12.  
 
It can be seen that the ADC graphs for both Rs (Figure 1.12a) and Ta (Figure 1.12b) 
displayed a sharp decline during the solar eclipse with maximum reduction (i.e. difference 
between the pre-eclipse maximum and the following minimum during the eclipse) of 439 
W m-2 and 3 °C, respectively (Table 1.3). In addition, relative humidity increased about 
6 % and the average wind speed at 29 m decreased from about 2.5 to 1 m s-1. Such 
observations are expected (Leeds-Harrison et al., 2000) and have also been reported by 
Hanna (2000) for the same eclipse occurring in south-east England. The combination of the 
increased darkness and humidity, together with the decreased air temperature and air 
movement, contributed to an overall and well-known feeling of climatic discomfort during 
the solar eclipse (Dunlop, 1999).  
 
In addition to the modified microclimate surrounding the beech tree, Figure 1.12 also 
illustrates the strong effect of the solar eclipse on the sap flow rate measured in the branch 
at 22 m height (Figure 1.12c) and in the stem (Figure 1.12d). Such a substantial decline of 
the sap flow rate measured in a small branch of an oak tree during the eclipse of 11 August 
1999 is also reported by Morecroft et al. (2000). Comparison of the actual diurnal cycle 
with the mean one (MDC) revealed that the normal short-wave radiation sum was 
decreased by 4.8 MJ m-2 or 32.9 % (Table 1.2). Due to this important reduction in solar 
energy, stem sap flow, and hence daily tree transpiration, was subsequently reduced by 
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Figure 1.12: Mean diurnal cycles (MDC) for (a) short-wave radiation (Rs), (b) air 
temperature (Ta), (c) sap flow rate per unit leaf area (FLA) of the beech tree for a 
branch at 22 m height, and (d) stem sap flow rate (J) of the beech tree calculated from 
four selected reference days in August 1999. The corresponding measurements (actual 
diurnal cycles, ADC) for 11 August are given for comparison. Each point represents a 
10 min average. Time is indicated as Greenwich mean time. The vertical dashed lines 
correspond to the beginning and the end of the solar eclipse. 
 
As for the dynamics of the sap flow changes, it can be seen that the sap flow rate at branch 
level reduced to zero (Figure 1.12c), while the stem sap flow rate decreased from (34.8 to 
8.1) × 10-7 m3 s-1 (Figure 1.12d). The reduction of the sap flow rates at the time of 
maximum eclipse, however, was not total yet, producing an average reduction of 91 % at 
branch level and 76 % at stem level (Table 1.3). As the sap flow at branch level completely 
stopped 20 min after the moment of maximum eclipse (Figure 1.12c), one should conclude 
that a critical level of low light intensity was reached so that the stomata closed. However, 
this closure did not last long enough to halt the stem sap flow completely. Stem sap flow 
went on during stomatal closure (Figure 1.12d) in order to replenish the water stored in the 
stem and branches, and which were already depleted of water before the solar eclipse had 
started [see change in tissue water content expressed by Eq. (1.9), where, for this case, Fin 
and Fout may be substituted by J and FLA, respectively]. A further close inspection of 
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around the start (9 h 07 GMT) and middle of the eclipse (10 h 26 GMT). Taking into 
account the 10 min averages calculated by the data logger, it can be seen that both the sap 
flow at 22 m and the stem sap flow start to decline about 10 min after the beginning of the 
eclipse, and start to increase again 20 and 30 min after the moment of maximum eclipse, 
respectively. This experimental evidence, i.e. the time lag of 10 min observed between the 
sap flow at 22 m and the stem sap flow, points towards the existence of internal water 
storage pools allowing this inequality in flow regimes. Therefore, it may be concluded that 
the overall sap flow in the beech tree is dynamic.  
Conclusions 
The solar eclipse of 11 August 1999 had very important effects on both the microclimate 
and the sap flow rate of the beech tree. The maximum reduction of incoming short-wave 
radiation was 439 W m-2, resulting in a minimum intensity of 18 W m-2. The restriction of 
solar energy caused an important reduction in stem sap flow, and thus, water loss was 
reduced by 32 kg of water, being about 25 % of the total amount which is transpired by the 
beech tree during a sunny day in August. 
 
The sap flow sensor at branch level indicated a complete stop of sap flow about 20 min 
past the moment of maximum eclipse, while at stem level a sap flow rate of about 1.5 g s-1 
was measured at maximum eclipse, which decreased further to a minimum value of  
0.8 g s-1 about 30 min after that moment. The different flow regimes in branch and stem 
clearly revealed the dynamic character of the overall sap flow in the beech tree, which can 
thus not be considered as steady-state. In this respect, the study can be considered highly 
relevant as it clearly proves the dynamic nature of water transport in a mature beech tree. 
1.5 Objectives of the thesis 
At this point, it is appropriate to argue that van den Honert’s model [Eq. (1.7)] is not 
suitable for an adequate mathematical description of water transport in plants and trees. 
The implicit assumption of steady-state flow conditions does not hold in reality, as is 
shown by the plenty reports in literature about time lags between water losses and water 
uptake in trees (see also case study of the solar eclipse in Section 1.4.2.2), and about the 
existence of stored water demonstrated by the diurnal stem diameter variations. Although 
this dynamic flow of water in trees has already been acknowledged in the scientific 
community for some time, ‘older’ SPAC models still regard the plant as a simple rigid tube 
where steady-state flow occurs. 
  
As this approach is not realistic nor correct, the first main objective of this study can be 
stated as the adjustment of the model of van den Honert to the true dynamic flow in 
individual trees. This new dynamic model aims at the fundamental description of water 
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transport inside individual trees by accounting for water storage, which can be realised by 
introducing hydraulic capacitances into the model. A further challenge and, hence, an 
additional objective, is the linking of the variable water storage inside the stem to 
variations of stem diameter. It was not until recently, that models for dynamic water flow 
in individual trees also account for diurnal stem diameter changes (Perämäki et al., 2001; 
Zweifel et al., 2001). But these models too lack fundamental insight as they attribute the 
diameter change of the stem only to one factor, i.e. the change in stem water storage. It is 
clear that, in addition to the diurnal, and thus reversible, diameter fluctuation due to water 
storage, the stem diameter of the tree also changes because of the irreversible growth 
component (Irvine and Grace, 1997). This growth phenomenon points to a new quest for 
linking the stem diameter changes of the tree to both the storage and the growth factor in 
order to finally obtain an accurate and realistic water flow model. During the design of the 
new dynamic model, a fundamental and deterministic approach was aimed at. 
 
It may be clear that dynamic experimental data is needed to calibrate and validate the new 
model, and to increase our understanding of several aspects of non-steady-state flow in 
terms of water storage and time shifts between water uptake by the root system and water 
loss by leaf transpiration. However, relevant experimental information is often dispersed in 
literature. Therefore, the second main objective of this thesis is the design and operation of 
a new experimental system which allows automatic and simultaneous measurement of a 
complex set of plant physiological processes involved in water flow through a young tree 
in controlled SPAC conditions, i.e. transpiration rate, sap flow rate at root, stem and branch 
level and diameter fluctuations at stem level. Complementary measurements include 
micrometeorological variables which control these processes, i.e. soil and air temperature, 
vapour pressure deficit of the air and photosynthetic active radiation. As the new 
experimental system is specially designed to simultaneously control the atmospheric and 
the soil compartment around model trees (allowing them also to be subjected to step 
changes and day/night cycles in microclimatic factors), it can be concluded that the data 
obtained with this system are required for the calibration of the new model for non-steady-
state conditions. 
 
During calibration, the model parameters are estimated and quantified. In order to allow a 
meaningful comparison between these parameters estimated for different tree species 
[young beech (Fagus sylvatica L.) and oak (Quercus robur L.) trees in this study], it is of 
utmost importance that model parameters (like hydraulic resistance) can be translated in 
terms of anatomical and/or physiological tree characteristics. Otherwise, mathematical 
values remain abstract, and perhaps, meaningless. Therefore, the third objective of this 
study is to link the hydraulic resistance parameter of the dynamic model to the wood 
anatomical characteristics of the young beech and oak tree studied.  
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From the above objectives it may be clear that the research presented in this work has a 
strong fundamental basis. It aims at the profound understanding of the mechanisms driving 
sap flow and stem diameter fluctuations of young trees. The mathematical translation of 
these mechanisms into a dynamic flow and storage model allows as such to increase our 
knowledge about trees’ dynamic sap flow behaviour. However, such a realistic dynamic 
model does not have to be doomed to be only used for the purpose of understanding in 
research and education. It can also find its way into more practical applications, such as 
e.g. in the ‘speaking plant’ context.  
 
The ‘speaking plant’ concept implies that the grower controls the microclimate in the 
greenhouse and the water supply to his crops (irrigation) on the basis of plant physiological 
measurements instead of relying on arbitrary chosen set-points (set-points for e.g. short-
wave radiation, relative humidity, air temperature). As for the purpose of plant-dependent 
irrigation control, the water potential is widely accepted as the benchmark of water status 
indicators and, hence, the criterion to control water supply. The limits between which its 
value has to vary in order to have healthy well-growing plants are well documented in the 
literature for a wide range of plant species. However, up until now, the plant water 
potential still cannot be continuously measured on-line in a reliable way, and the use of a 
well-calibrated dynamic water flow model can resolve the disadvantages of off-line and 
destructive water potential measurements. As will be demonstrated in Chapter 3 of this 
work, such a model is indeed able to simulate accurately the water potential, requiring sap 
flow and stem diameter fluctuation as only physiological measurements. As both these 
variables can readily be measured in a continuous way (Chapter 2), the simulations of the 
water potential obtained with the model will allow judging the health condition of the plant 
at every required moment in the growing season. Thus, by listening to the plant (water 
potential) the grower can intervene in and control more purposefully the water supply and, 
thus, the growth process of the crop. As such, optimal growth conditions can be established 
which will eventually result in an increased crop yield; an objective that has to be aimed at 
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Part of this chapter is published in: 
 
Steppe, K. and Lemeur, R. (2004). An experimental system for analysis of the 
dynamic sap-flow characteristic in young trees: results of a beech tree. 
Functional Plant Biology, 31, 83-92. 
 
 
In the introductory Chapter 1 a clear point of view was proposed that water transport in 
trees is dynamic. In Chapter 2, a newly developed experimental system for analysis of sap 
flow dynamics in young trees is presented. In order to fully understand the role of stem 
water storage in the regulation of the water flow through stems, branches and leaves of 
young trees, and to characterise the influence of tree physiology and anatomy during the 
non-steady-state flow of water, an experimental system was built to allow automatic and 
simultaneous measurements of a set of processes involved in water flow through the SPAC 
(i.e. transpiration rate, sap flow rates and diameter fluctuations). This had to be done in 
combination with the assessment of the micrometeorological variables that control these 
processes (i.e. soil and air temperature, vapour pressure deficit of the air and 
photosynthetic active radiation). Another reason for designing and constructing this 
measuring system was facilitating the collection of the datasets needed for calibration and 
validation of a dynamic flow and storage model that is the final aim of this study (see 
Chapter 3). Useful datasets (i.e. experimental data containing sufficient dynamic 
information) had to be generated with the system which permitted young trees to be 
subjected to step changes or to abrupt day/night cycles in both atmospheric and soil 
factors.    
 
Because experimental data obtained with sensors can only be taken for granted if the 
measurements are reliable, this chapter also deals with some important aspects of sensor 
validation. Moreover, the technical description of the experimental system is 
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complemented with an analysis of how the system might be used to improve the 
understanding of water transport in trees. Therefore, typical results are already presented in 
this chapter for illustration purposes. Wherever possible they are interpreted in terms of 
dynamic water flow as well. 
2.1 Plant material 
As fundamental research is most efficiently conducted under controlled environmental 
conditions, the choice of the plant material was to a certain extent limited by the 
dimensions of the growth room which had to be used (see Section 2.2). Batches of two-
year-old beech trees (Fagus sylvatica L.) and three-year-old oak trees (Quercus robur L.) 
were chosen as model species for measurement of their dynamic water flow. The trees 
were approximately 1.5 m high and their stem diameter at soil surface ranged from 11 to 
17 mm. All trees were grown outdoors and, at the beginning of February when freezing 
ended, one beech and one oak was selected for transplantation in a container of 0.4 m 
diameter and 0.4 m height, filled with a mixture of 60 % silt loam soil (i.e. 38.6 % sand, 
50.8 % silt and 11.6 % clay) and 40 % peat (Figure 2.1). Young trees were preferred over 
herbaceous plants because of the advantage of easy installation of thermal sap flow sensors 
on the woody branches and stems. Overheating problems by thermal sap flow sensors are 
also avoided when using woody plants.  
 
Figure 2.1: Model trees selected for analysis of dynamic water transport: on the left, 
a diffuse-porous beech tree (Fagus sylvatica L.) and, on the right, a ring-porous oak 
tree (Quercus robur L.). Their difference in wood anatomy is illustrated by a typical 
transverse cross-section of their stems. The arrows on the cross-sections indicate the 
boundary layer between the latewood (LW) and the earlywood (EW) of the subsequent 
year. Furthermore, GR = growth ring. 
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The choice of beech and oak as model species was based on their different wood anatomy, 
as the xylem tissue of beech is classified as diffuse-porous and oak xylem tissue as ring-
porous (Figure 2.1). In diffuse-porous wood the vessels are fairly uniform in distribution 
and size throughout the entire growth ring; whereas ring-porous wood is characterized by 
size differences of the vessels in earlywood and latewood (the vessels of the earlywood 
being distinctly larger than those of the latewood; see Figure 2.1; Schweingruber, 1990). 
Because of these differences in wood anatomy, water transport and flow dynamics in the 
two tree species was expected to be very different. Referring to the equation of Hagen-
Poiseuille [Eq. (1.8)], one might indeed expect that the hydraulic resistance against water 
flow will be less for the ring-porous oak than for the diffuse-porous beech.  
2.2 Tree chamber 
An experimental system, designed and constructed for simultaneous control of both the 
atmospheric and the soil compartment around a young tree, is schematically presented in 
Figure 2.2. The system was composed of a tree chamber with dimensions 1.0 × 0.6 × 0.6 m 
(height × width × length), which contained the above-ground parts of the young tree (see 
item #1 in Figure 2.2). The chamber was made of transparent Plexiglas with a thickness of 
2 mm. A wooden frame supported both the tree chamber and the soil container. The 
experimental system was placed inside a larger growth room of 2 × 1.5 × 2 m (height × 
width × length), which allowed the overall control of the radiation and the air temperature 
regime. All other control and measurement devices shown in Figure 2.2 were placed 
outside the growth room in order to minimise disturbances of the microclimate in the tree 
chamber and soil container (such as extra heat production). 
2.3 Microclimate of the tree chamber 
The flow of water through plants and trees is controlled by their surrounding microclimate, 
which can be defined as the set of environmental variables to which plants are exposed 
and, moreover, to which they are interactively coupled (Jones, 1993). The microclimate 
controlling the water flow through plants includes radiation, temperature, relative humidity 
and soil water availability. In order to investigate how young trees respond dynamically to 
step changes and/or (abrupt) day/night cycles in these environmental variables, the 
experimental system aimed at controlling both the atmospheric and the soil compartment 
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2.3.1 Atmospheric compartment 
An important atmospheric key variable controlling the flow of water in plants is the vapour 
pressure deficit of the air (Da, kPa), also know as ‘the drying power of the air’. The value 
of Da is defined as the difference between saturation vapour pressure at air temperature 
( 0ve , kPa) and ambient vapour pressure (ev, kPa) (Goldstein et al., 1998), or: 
 vv eeD −= 0a  ( 2.1 ) 
The saturation vapour pressure is related to the temperature, and can be approximated by 













v  ( 2.2 ) 
where Ta is the air temperature (°C). As ambient air is not saturated with water vapour, the 
ambient vapour pressure constitutes only a fraction of the saturation vapour pressure, and 
is defined as: 
 
100
0 RHee vv ×=  ( 2.3 ) 
where RH is the relative humidity of the air (%). Note that Eq. (2.1) defines the vapour 
pressure deficit between the leaf interior and the bulk air when leaf temperature (Tl) is used 
instead of air temperature for the calculation of the saturation vapour pressure (Goldstein et 
al., 1998). Furthermore, the water vapour density of a unit volume of atmospheric air (ρv, 




v ×= 2170ρ   ( 2.4 ) 
where T is the temperature (K). 
 
From the equations above, it can be concluded that control of both the temperature and the 
humidity of the air around the transpiring leaves (Figure 2.3) is required to influence the 
vapour pressure deficit of the air.  
 
Humidity control in the atmospheric compartment of the tree chamber (#1; Figure 2.2; 
Figure 2.3) could be realized to a certain degree (see also Section 2.4.1.2) by pumping 
outside air (#2; pump Type N 035.1.2 AN.18, KNF Verder, Belgium) through a paper filter 
(#3; diameter = 14 cm, Hartmann and Braun AG, Germany) into a gas cooler (#4; Type 
CG/G 73-4, Hartmann and Braun AG) operating at 4 °C. This dry air was re-humidified 
with bubbling bottles (#5), which were kept at a chosen dew point temperature by 
submersion into the water bath (#6) of the thermo-cryostat (#7; UKT 2, Edmund 
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Bühler/Otto GmbH, Germany). This dew point, together with the air temperature of the 
growth room, determined the relative humidity (humidity sensors #8), and hence the Da 
imposed on the leaves inside the atmospheric compartment (with the assumption that the 
re-humidified air was completely saturated with water vapour). A flow meter (#9; 
Streamline Flow meter HFM-60, Teledyne Hastings instruments, USA) regulated the air 
volume entering the tree chamber, and two fans (#10; Multifan type 4312R, Rapst, 
Germany) assured good mixing. A fraction of this incoming air (flow meter #11) was 
guided to the branch bag (#12) for measurement of the transpiration rate. 
 
Figure 2.3: Detailed view of the tree chamber containing the above-ground parts of a 
young beech tree 
 
The remaining factors of the microclimate, such as photosynthetic active radiation (PAR) 
and air temperature (Ta), were governed by the set-points of the growth room. The PAR 
photon flux density inside the tree chamber was determined with a quantum sensor 
positioned at the top of the tree chamber (#13) and one below (#14); while air temperatures 
at these levels were recorded with thermocouples (#15). In addition, air temperature (#15) 
and relative humidity (#8) were also measured inside the branch bag.   
 
Technical information on the sensors used in the experimental system is given in Table 2.1, 
together with the sensor accuracy specified by the manufacturer.  
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Table 2.1: Physical and physiological sensors used in the experimental system 
presented in Figure 2.2. Symbol, units, accuracy, sensor type, manufacturer and item 
number of the sensors are given. 
Measured variable Symbol Unit Accuracy Sensor type Manufacturer  Item 
Physical sensors       
Photosynthetic  







Soil water  



















± 5 µmol m-2 s-1 
 
± 0.5 °C 
 
± 0.5 °C 
 
± 2 % 
 








   HIH-3605-A 
Tensiometer 
   SWT5 
Li-COR, 
     USA 
Omega, 
     Netherlands 
Omega, 
     Netherlands 
Honeywell, 
     USA 
Delta-T devices, 










Physiological sensors      
Transpiration rate 
 
Sap flow rate 
 
Diameter 






























± 0.2 %** 
IRGA, ADC 
   Model 225 Mk3 
Dynagage  
   SGA-WS 
LVDT, LBB 
   375-PA-100 
   and transducer  
   bridge 8C-35 
IR thermocouple 
   IRt/c.1X-K-     
   80K/27C 
ADC BioScientific 
     Ltd, UK 
Dynamax Inc., 
     USA 
Schaevitz, 














*  accuracy expressed as percentage of maximum reading typical for the size of the sensor 
**accuracy expressed as percentage of reading 
 
In case of derived variables, such as for the vapour pressure deficit of the air (Da) or for the 
transpiration rate (E; see Section 2.4.1), no general accuracy can be specified. However, 
the instant accuracy can be determined using the theory of error propagation (Burrough 
and McDonnell, 1998). According to this theory, the standard deviation of the output value 
of a function g, which is defined as:  
 )x,...,x,x,x(fg j321=  ( 2.5 ) 












 ( 2.6 ) 
where SDg  is the standard deviation on g and δg / δxi is the partial derivative. This formula 
only holds when there is no correlation between the input values (i.e. measurements). 
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Applying the theory of error propagation to Eq. (2.1), reveals the standard deviation on the 































−=  ( 2.7 )  
where SDRH  is the standard deviation on RH and SDT is the standard deviation on T, their 
values being 2 % and 0.1 °C, respectively (Table 2.1). The ratio between SDD and Da gives 
information about the accuracy expressed as a percentage of the reading. For the case of Da 
shown in Figure 2.4b, a mean accuracy of 4.4 % was calculated by averaging the ratio of 
SDD and Da obtained for each data point; a minimum ratio of 4.1 % was found during the 
day and a maximum ratio of 4.9 % during the night. 
 
In Figure 2.4 a typical 1-day sample of the microclimate inside the tree chamber is shown 
(without enclosing a young tree). 
 
Figure 2.4: A typical 1-day sample of the varying microclimate in the atmospheric 
compartment of the tree chamber without enclosing a young tree: (a) photosynthetic 
active radiation (PAR), (b) vapour pressure deficit of the air (Da), (c) air temperature 
(Ta) and (d) relative humidity of the air (RH). The vertical dashed lines correspond to 
the beginning and the end of the day. The accuracy bands specified by the 
manufacturer (a, c and d; Table 2.1) or calculated according to the theory of error 
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Photon flux density of PAR (Figure 2.4a) on the one hand and Da (Figure 2.4b) on the other 
hand are the key factors characterising the microclimate. From Eq. (2.1) to (2.3) it can be 
seen that Da interrelates the remaining variables shown in Figure 2.4, i.e. the temperature 
and relative humidity of the air. The small accuracy bands (standard deviations) around the 
measured values indicate that the data obtained by the sensors closely approximate the true 
values of the variables.   
 
Except for the days characterised by additional step changes, the daytime period of all 
experiments carried out in the tree chamber was selected to last from 6 h till 20 h, which 
corresponds with late spring conditions in Belgium. The mean PAR during the daytime was 
approximately 220 µmol m-2 s-1 at the top of the tree chamber. The initial increase in 
radiation observed at the beginning of the day (Figure 2.4a) was from an increased lamp 
output when the fluorescent lamps (‘TL’D 80, Philips Lighting NV, Belgium) warmed up.  
 
In the experiment presented in Figure 2.4 the vapour pressure deficit of the air in the 
atmospheric compartment increased during the daytime to an average of approximately 
2.15 kPa. This corresponded with a relative humidity of 30 % at an air temperature of 
24.6 °C. For all experiments it was found that the increase of Da in the morning was faster 
than the decrease in the evening. This could be explained by the difference in heating 
capacity (electrical heating by the lamps) relative to the cooling capacity (water cooling) of 
the air conditioning unit in the growth room. The air temperature set-point during the 
daytime was selected to be 24 °C. During the nighttime the water cooling unit lowered the 
air temperature (to 18 °C in Figure 2.4) as there was no electrical heating by the lamps.  
 
The microclimate shown in Figure 2.4 is only meant as an illustration of how 
environmental variables inside the atmospheric compartment of the tree chamber can 
change, and how they are related one to another. Therefore, it is appropriate to note here 
that the microclimate presented in Figure 2.4 was measured without enclosing a young tree 
in the tree chamber of the experimental system. This is an important remark towards 
relative humidity control. As will be discussed further in Section 2.4.1.2, it is very difficult 
to control air relative humidity when a young tree is present inside the tree chamber; the 
reason being the increased water vapour content of the air due to leaf transpiration. 
2.3.2 Soil compartment 
Another important key variable determining the flow of water in plants is the water supply 
to the root system. Water supply to roots depends on abiotic characteristics such as soil 
temperature and soil water availability. It is difficult to control and/or influence the soil 
water status (e.g. the soil water potential) dynamically. This might be done by applying 
nutrient solutions containing varying concentrations of osmotic active substances such as 
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polyethylene glycol (Ranjbarfordoei et al., 2002). In the experimental system used here, 
water availability was allowed to change in a passive way, according to the need for 
replenishing the water lost by transpiration. The passive change of the soil water status was 
observed with a miniature type electronic tensiometer (#17; Table 2.1). The young tree was 
watered every two to three days. 
 
More control could be exerted on soil temperature by means of water circulated in a copper 
spiral (#18). The spiral was placed parallel to the vertical container wall and was connected 
to a thermo-cryostat (#19; WK9 DS, Colora Messtechnik GmbH, Germany), which 
circulated a mixture of 40 % glycol in water at a chosen temperature. A vertical soil 
temperature profile was measured with thermocouples (#20) positioned at depths of –5,     
–15, –25 and –35 cm below the soil surface. Horizontal temperature gradients were 
verified at –15 cm with one thermocouple placed near the main central root and another 
one close to the spiral.  
 
Figure 2.5 illustrates how the water potential and the temperature of the soil can change 
inside the container of a young tree during a 2-day experimental period. 
 
Figure 2.5: A typical 2-day sample of varying abiotic factors measured inside the soil 
container of a young tree: (a) the soil water potential (Ψs) and (b) the vertical soil 
temperature profile (Ts) measured at –35, –25, –15 and –5 cm below the soil surface. 
The vertical dashed lines correspond to the beginning and the end of each day. The 
arrow in (a) indicates the moment of water supply. The difference in Ψs  between day 
and night is also shown. 
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In general, the soil water content in the container was kept near saturation to assure that the 
young tree did not experience a shortage of soil water. For the 2-day experimental period 
shown in Figure 2.5a, the tensiometer in the soil container indicated that the soil water 
potential varied between –2 and –16 kPa. At the moment of water supply, the soil water 
potential (Ψs) increased very fast to nearly zero (see arrow in Figure 2.5a), followed by a 
gradual decrease due to water uptake by the roots and/or water evaporation from the soil 
surface. The sharp decline in Ψs during the daytime [∆Ψs(day)] was mainly attributed to 
root water uptake, whereas the slight decrease in Ψs during the night [∆Ψs(night)] was due 
to soil water evaporation.  
 
The soil temperature (Ts) presented in Figure 2.5b was not controlled, and fluctuated freely 
depending on the microclimate imposed in the atmospheric compartment of the tree 
chamber. It is remarkable how the same type of temperature regime as in the open field 
occurred in the rather small soil container. The soil temperature oscillation retarded 
increasingly with depth in the container and its amplitude dimmed as well (Figure 2.5b). 
According to theory (Rose, 1966), damping of the fluctuation follows an exponential 
function with depth. For the 2-day sample presented in Figure 2.5b, the exponential 
function for a particular moment in time revealed to be (determination coefficient R² = 
0.98): 
 ( )d..A 0430exp47 −=  ( 2.8 ) 
where A is the amplitude of the temperature oscillation or the difference between 
maximum and minimum temperature (°C) and d is the depth below the soil surface (cm). 
The coefficients 7.4 (i.e. the amplitude at d = 0, the top of the soil column) and 0.043 were 
estimated by least squares non-linear regression. 
2.4 Physiological measurements 
The physiological responses of the young model trees to the imposed changes in the 
microclimate were deduced from several processes such as transpiration rate, sap flow rate 
at stem, branch and root level and the diameter fluctuation at stem level. Each process was 
analysed by specific components and/or sensors installed in the atmospheric and soil 
compartment of the tree chamber (Figure 2.2). 
2.4.1 Transpiration rate 
Transpiration, defined as the water vapour exchange between the leaves and the 
surrounding air, is the first process which is influenced when one of the atmospheric 
factors in the tree chamber changes. After describing how transpiration measurements were 
carried out, particular attention will be paid to how leaf transpiration interfered with 
relative humidity control in the branch bag and in the tree chamber.   
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2.4.1.1 Basics of transpiration measurements 
Leaf transpiration was measured with a ‘branch bag connected to an ADC H2O IRGA’ 
system. A polypropylene branch bag contained a secondary branch of the young tree in 
such a way that all of its leaves were enclosed (#12 in Figure 2.2; detailed view in Figure 
2.6).  
 
Figure 2.6: Detailed view of the branch bag enclosing the leaves of a young beech 
tree. In addition to transpiration, air relative humidity (RH sensor) and temperature 
(thermocouple) were measured. The air inlet connection (reference air) and air outlet 
connection (sample air) are also shown. 
 
A part of the air at the inlet of the branch bag flowed back as reference air (#21) to the 
differential infrared gas analyser (ADC H2O IRGA #23; Table 2.1). The remaining part of 
the air flow was allowed to transverse the branch bag where the water vapour exchange 
could take place between air and leaves. The air at the outlet of the branch bag flowed back 
as sample air (#24) to the IRGA. Both the sample and the reference air were passed 
through paper filters (#25) in order to collect dust particles contained in the air flows. The 
transpiration rate was calculated from the measured concentration differences between 
reference and sample air, the flow rate at the inlet of the branch bag (flow meter #11) and 
the leaf area enclosed in the branch bag. The expression for the calculation of the 
transpiration rate is: 




E ρ  ( 2.9 )  
where E is the transpiration rate per unit leaf area (mg m-2 s-1), Al is the leaf area enclosed 
in the branch bag (m2), fin is the flow rate at the inlet (m3 s-1) and ∆ρv the water vapour 
density difference between inlet and outlet (g m-3).  
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As E is a derived variable, just like Da in Section 2.3.1, the theory of error propagation was 
























ρ  ( 2.10 ) 
where SDf is the standard deviation on fin, SD∆ρ is the standard deviation on ∆ρv and SDA is 
the standard deviation on Al; the accuracies of these variables being specified as ± 1.5 % of 
full scale reading for fin (= ± 2.5 × 10-6 m3 s-1), ± 1 % of full scale reading for ∆ρv (= ± 0.08 
g m-3) and ± 1 × 10-6 m2 for Al. The error analysis yielded a mean accuracy (mean SDE/E) 
of ± 14.3 % and ± 4.4 % for beech and oak respectively (Figure 2.7). 
 
Figure 2.7 shows a typical diurnal course of the transpiration rate per unit leaf area (E) for 
a young beech and a young oak tree measured with the ‘branch bag − ADC H2O IRGA’ 
system, along with the accuracy bands calculated according to Eq. (2.10).  
 
Figure 2.7: A 1-day sample of the transpiration rate (E) per unit leaf area for a young 
beech tree (a) and a young oak tree (b) measured with the ‘branch bag − ADC H2O 
IRGA’ system. The vertical dotted lines correspond to the beginning and the end of the 
day. The accuracy bands calculated according to the theory of error propagation [Eq. 
(2.10)] are also shown. 
 
The average transpiration rate during the daytime period was about 4 and 6 mg m-2 s-1 for 
beech and oak, respectively. The error analysis revealed that the error on the E 
measurements for beech was larger (mean accuracy = ± 14.3 %) than for oak (mean 
accuracy = ± 4.4 %). This difference in error on E was due to the different setting of the 
flow rate and the different leaf area enclosed in the branch bag for beech and oak 
respectively, being (1.8 and 15.5) × 10-5 m3 s-1 for fin and 0.029 and 0.146 m2 for Al; the 
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in a larger SDE/E ratio for beech compared to oak [see Eq. (2.10)] and, hence, a larger 
value for the calculated mean accuracy. 
 
Figure 2.7 also shows some nighttime transpiration. The water loss by transpiration during 
the night contributed 14.3 and 13.6 % to the total daily transpiration for beech and oak 
respectively. The nighttime transpiration rates indicated that the stomata of the leaves 
remained partly open during the night and/or that transpiration occurred through the leaf 
cuticle. Epidermal impressions, obtained by the microrelief method (nail polish replicas) 
confirmed that a small part of the stomata remained partly opened during the night. 
Nighttime transpiration can only proceed when the vapour pressure deficit of the air Da 
around the leaves remains high (Green et al., 1989). In the presented example (Figure 2.7) 
the mean nighttime Da remained higher than 0.23 and 0.55 kPa for beech and oak 
respectively.  
 
Some care is necessary when the E measurements of beech and oak are compared in 
absolute terms as their surrounding microclimate was not identical (see Section 2.4.1.2). 
Although it was intended to impose the same microclimate around both young trees, 
measured data demonstrated that it is very difficult to control the relative humidity inside 
the branch bag enclosing transpiring leaves. A detailed discussion on how leaf 
transpiration interfered with humidity control in the branch bag is given in the next section. 
2.4.1.2 Validation of transpiration measurements 
One of the purposes of the experimental system was to control the relative humidity in the 
atmospheric compartment of the tree chamber (Figure 2.2). When no leaves are enclosed in 
the branch bag, the relative humidity (RH, %) is given by Eq. (2.3). However, RH can also 
be expressed in terms of water vapour density. Using Eq. (2.4), the relative humidity of the 







 ( 2.11 ) 
where 0vρ  is the saturated water vapour density (g m-3) at the air temperature in the branch 
bag (TBB) and ρv is the ambient water vapour density (g m-3) at the same temperature. The 
ambient water vapour density at the inlet of the branch bag equalled the saturated water 
vapour density at dew point temperature (Td) selected with the thermo-cryostat (#7) of the 
experimental system (Figure 2.2). 
 
However, when transpiring leaves are enclosed inside the branch bag (Figure 2.8), the 
transpiration from the leaves interferes with the relative humidity control. As leaf 
transpiration brings an extra amount of water vapour in the branch bag [ρv(leaf), g m-3] and 
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 ( 2.12 ) 
Equation (2.12) can also be converted to describe the amount of water vapour brought into 
a unit volume of atmospheric air in the branch bag through leaf transpiration [ρv(leaf),  
g m-3], or: 
 ( ) vvv RH ρρρ −×= 0100leaf  ( 2.13 ) 
The value of ρv(leaf) calculated this way should be equal to the vapour density difference 
[∆ρv, see Eq. (2.9)] measured with the ‘branch bag − ADC H2O IRGA’ system (#23 in 
Figure 2.2). As such, the transpiration measurements carried out with the experimental 
system could be validated. 
 
Figure 2.8: Schematic diagram of the branch bag system for measurement of 
transpiration. Air saturated with water vapour at dew point temperature [ 0vρ (Td)] is 
supplied to the branch bag. The relative humidity (RH) in the branch bag enclosing a 
leaf is determined by the supplied water vapour density [ρv(TBB) = 0vρ (Td)], increased 
by the water vapour brought in the air by leaf transpiration [ρv(leaf)]. 
 
To illustrate this theory, the microclimate around the transpiring leaves in the branch bag 
was analysed for the same tree species and the same days as shown in Figure 2.7. The 
radiation in the growth room was maintained at a constant PAR flux density of 190 and 220 
µmol m-2 s-1 from 6 h till 20 h for beech and oak respectively. It was aimed at imposing 
similar RH conditions in the branch bags of both trees. Therefore, the set-point for the dew 
point temperature was selected at 13 °C in both cases. This dew point, together with the air 
temperature in the branch bag, determined the imposed RH in the branch bag [calculated 
with Eq. (2.11); Figure 2.9a].  
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Figure 2.9: A 1-day sample of the relative humidity (RH) in the branch bag enclosing 
the same transpiring leaves as shown in Figure 2.7: (a) imposed calculated RH and 
(b) actual measured RH. 
 
The difference in imposed RH found between beech and oak (Figure 2.9a) was due to a 
difference in air temperature regime at the time of the respective measurements; the mean 
day and night temperature being 25.0 and 17.1 °C for beech, and 23.7 and 19.8 °C for oak.  
 
Figure 2.9b, however, revealed that the actual measured RH values (#8 in branch bag;  
Figure 2.2) strongly differed from the imposed calculated ones, both in magnitude and in 
dynamics. The actual measured RH values were consistently higher than the imposed ones 
for both branch bags. As for the dynamics, it was found that the course of the actual 
measured RH was quite similar to the imposed RH in case of the beech tree (i.e. both actual 
and imposed RH decrease during the daytime); whereas the actual RH measured in the 
branch bag of the young oak tree showed an inverted profile (i.e. actual RH increased 
whereas imposed RH decreased). The dynamic course of the actual RH was completely 
determined by the course of the saturated water vapour density at air temperature in the 
branch bag [denominator 0vρ  in Eq. (2.12)], as the nominator [ρv + ρv(leaf)] in Eq. (2.12) 
was almost identical in magnitude and dynamics for both tree species. The different air 
temperature regimes in both branch bags caused the course of 0vρ  to be different. In case 
of the oak tree (with its higher nighttime and lower daytime temperature compared to 
beech) the increase in 0vρ  during the transition from night to day could not account for a 
decrease in RH when [ρv + ρv(leaf)] increased due to leaf transpiration. This resulted in the 
inverted RH profile for oak as shown in Figure 2.9b.  
 
The fact that the values of the actual RH measurements were consistently higher than the 
ones of the imposed RH, should be attributed to leaf transpiration. Indeed, transpiration 
brings extra water vapour into the surrounding air, increasing as such the water vapour 
density and, hence, the relative humidity of the air. In Figure 2.10 the amount of water 
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vapour brought into the air by leaf transpiration [ρv(leaf)] was calculated according to Eq. 
(2.13) and compared to the ∆ρv measurements obtained with the ‘branch bag − ADC H2O 
IRGA’ system. 
 
Figure 2.10: Comparison between water vapour brought into the air by leaf 
transpiration [ρv(leaf)] measured with the ‘branch bag − ADC H2O IRGA’ system 
(ADC) and calculated from Eq. (2.13) (RH) for a young beech tree (a) and a young 
oak tree (b). The same days as shown in Figure 2.7 were used.  
 
Visual inspection of Figure 2.10 reveals a very good correspondence between the 
calculation of ρv(leaf) based on RH and T measurements in the branch bag [see Eq. (2.13)] 
and the ∆ρv [= ρv(leaf)] measurements obtained with the ‘branch bag −ADC H2O IRGA’ 
system. To confirm this observation in a more quantitative way, a linear relationship was 
established between both methods used to determine E for a test period of nine consecutive 
days (Figure 2.11).  
Figure 2.11: Linear relationship between transpiration rates per unit leaf area (E) 
measured with the ‘branch bag − ADC H2O IRGA’ system (EADC) and rates (ERH) 
calculated from the increased relative humidity measured in the branch bag. The 
dashed line represents the 1:1 relationship. The coefficient of determination (R²) is 
also given (n = 2550). 
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The good agreement found between the calculated E, based on measurements of T and 
increased RH in the branch bag, and the measured E obtained with the ‘branch bag − ADC 
H2O IRGA’ system (R2 = 0.9942) confirmed that leaf transpiration indeed strongly 
interfered with the RH control. Moreover, through these calculations the transpiration 
measurements carried out with the ‘branch bag − ADC H2O IRGA’ system were validated 
in an independent way. 
2.4.2 Sap flow rate 
In addition to the diffusive water vapour flow by transpiration, the liquid water flow in the 
xylem vessels of the young tree (the sap flow rate at root, stem and branch level) was 
measured as well. 
2.4.2.1 Basics of sap flow measurements 
To measure the liquid water flow in the xylem vessels of the young trees, Dynagage sap 
flow sensors (#27 in Figure 2.2; Table 2.1) based on the constant power heat balance 
principle were used. 
 
As shown in Figure 2.12 the Dynagage sap flow sensor typically consists of a flexible 
heater strip, a thermopile embedded in a layer of cork which encloses the entire heater strip 
and two pairs of thermocouple junctions positioned against the surface of the stem with 
one junction of each pair above the heater and one below (Smith and Allen, 1996). Heat 
was continuously applied to the entire circumference of the stem encircled by the heater. 
The foam insulation (and weather shield) surrounding the heater reduced possible adverse 
effects due to changes in the microclimate to a negligible level. As such, heat input to the 
stem (Pin, W) was limited to the electrical power supplied to the heater and was calculated 
from the electrical resistance and the voltage across the heater. As shown in Figure 2.12 
the heat balance of the stem can be written as (Sakuratani, 1981; Baker and van Bavel, 
1987): 
 frvin QQQP ++=  ( 2.14 ) 
where Qv is the rate of vertical heat loss by conduction in the stem (W), Qr is the radial 
heat loss to the environment by conduction (W) and Qf is the convective heat transport by 
the moving sap stream (W). The value of Qf was determined by subtracting Qv and Qr from 
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Figure 2.12: Schematic diagram of the working principle of a Dynagage sap flow 
sensor (left). The heat balance of the stem section heated by the sensor is shown: Pin is 
heat applied to the stem, Qv is the rate of vertical heat loss by conduction, Qr is radial 
heat loss by conduction and Qf is the heat uptake by the sap stream. The wiring of the 
thermocouples in the sensor is also shown. For the determination of sap flow, the 
temperature differences ∆Ta, ∆Tb and ∆Tr are obtained from measurements of the 
voltages across AH, BH and CH, respectively. Installation of a sap flow sensor on a 
branch is shown on the right, along with a detailed view of the inside of the sensor 
(Steppe and Lemeur, 2003b). 
 
The value of Qv was calculated from the upward and downward gradient in temperature 
away from the heater using Fourier’s law for one-dimensional heat flow. As the sum of 
these temperature differences measured over the distance x is algebraically equivalent to 






kAQ abststv  ( 2.15 ) 
where Ast is the cross-sectional area of the heated section of the stem (m²), kst is the thermal 
conductivity of the stem (W m-1 K-1), x is the distance between the two thermocouple 
junctions on each side of the heater (m), and ∆Ta and ∆Tb are the voltages measured across 
AH and BH respectively (Figure 2.12), which are converted into temperature differences 
(°C) using the factor (4 × 10-5) V °C-1. In practice, the value for kst is taken from literature. 
For woody stems a value of 0.42 W m-1 K-1 is considered as appropriate (Steinberg et al., 
1989). It is, however, also possible to evaluate the value of kst from the respective thermal 
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conductivities of water and cellulose which make up a tree stem (ca. 0.6 and 0.2 W m-1 K-1 
respectively), and the fractional masses of each component (Grime and Sinclair, 1999). For 
a woody stem sample obtained from a young beech and a young oak tree, the mass 
fractions were calculated from measurements of the fresh mass and the oven-dry mass and 
were used to determine kst for the respective trees in this study. It was found that kst was 
0.36 and 0.35 W m-1 K-1 for beech and oak respectively, which was slightly lower than the 
value reported by Steinberg et al. (1989). However, the effect on the resulting sap flow 
measurements was negligible (Figure 2.13). Therefore, it can be concluded that the 
literature value can be used without introducing significant errors in the estimation of sap 
flow. 
 
The radial component of the stem heat balance, Qr, was determined from ∆Tr using: 
 rshr TKQ ∆×=     ( 2.16 ) 
where ∆Tr is the thermopile output (voltage across CH in mV) and Ksh is the effective 
thermal conductance of the sheath of materials surrounding the heater (W mV-1). The 
thermopile measures the radial temperature gradient away from the heater as one junction 
from each thermocouple pair in the thermopile is positioned on the inner surface of the 
cork and the other on the outer surface. The value of Ksh is unknown and depends on the 
thermal conductivity of the insulating sheath and the stem diameter. Therefore, the 
apparent sheath conductance, Ka (W mV-1), was continuously evaluated for each new 







−=  ( 2.17 ) 
For each sensor, Ksh was then estimated daily from the apparent Ka values during periods 
when the sap flow, and hence Qf, were known to be zero (i.e. Ksh = mean value of Ka 
between 0 h and 6 h). As accurate determination of rates of sap flow depends critically on 
the correct evaluation of Ksh, its value obtained this way was compared to other ways of 
Ksh determination (see Section 2.4.2.3). 
 
Once all other components of the stem heat balance were known, Qf was determined by 
difference, and was converted into a mass flow rate of sap (F, g h-1) according to 





f  ( 2.18 ) 
where cp is the specific heat capacity of xylem sap, assumed to be that of water    
(4.186 J g-1 K-1) and ∆T is the increase in sap temperature across the heater (°C), calculated 
from (∆Ta + ∆Tb)/2. 
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Experimental data for a 17-mm diameter stem of a young oak tree (Figure 2.13) illustrates 
the typical variation in the component heat fluxes as the sap flow rate F changes.  
 
Figure 2.13a shows the change in energy partitioning between conductive and convective 
heat fluxes when the sap flow rate changes (Figure 2.13b). At low sap flow rates during the 
night, radial heat loss accounted for 85 % of the total heat input, whereas vertical heat loss 
rarely exceeded 15 %. At high flow rates during the day, the conductive heat losses 
decreased, while the proportion of the heat carried by the sap approached 45 %. 
 
Figure 2.13: A 1-day sample of (a) the typical variation in the heat balance 
components measured on a 17-mm diameter stem of a young oak tree: Pin is the heat 
applied to the stem, Qv is the rate of vertical heat loss by conduction (calculated with 
kst = 0.42 W m-1 K-1), Qr is radial heat loss by conduction and Qf is the heat uptake by 
the sap stream, and (b) the diurnal course of the sap flow rate (F) showing the 
influence of the thermal conductivity for the stem (kst) on the sap flow calculation.  
 
It should be noted that at low sap flow rates, thus when Qf approaches zero, ∆T in the 
denominator of Eq. (2.18) becomes the dominant influence on the estimated sap flow rates. 
False high estimates of sap flow will be obtained when ∆T is very small (< 0.5 °C). 
Therefore, a ‘low flow’ filter was used to eliminate spurious estimates of sap flow. This 
‘low flow’ filter tested the proportion of heat carried by flowing sap (i.e. 0 ≤ Qf ≤ 
0.2 × Pin), and whether ∆T was small (i.e. ∆T ≤ 0.5 °C). If both these conditions were 
satisfied at the same time, then the sap flow rate was set to zero. Although this ‘low flow’ 
filter appears rather arbitrary, it was based on an analysis of the errors associated with 
measurements of heat balance components (Grime and Sinclair, 1999). However, for the 
data presented in Figure 2.13b filtering was not needed as ∆T during the night remained 
higher than 2 °C.     
 
Six series of sap flow measurements were conducted in the growth room between June 
2001 and October 2003. Start and end dates for each period, together with the 
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physiological measurements carried out during those periods are given in Table 2.2. 
Dynagage sap flow sensors (Models SGA2, SGA3, SGA5, SGA10, SGA13, SGB16) were 
used to measure sap flow at branch, stem and root level of the young tree enclosed in the 
tree chamber (Figure 2.2; Table 2.2); the stem, branch and root diameters ranged from 11 
to 17 mm, from 3 to 5 mm and from 2.5 to 13 mm respectively. Sensor installation was 
performed according to the guidelines mentioned in the installation manual (van Bavel and 
van Bavel, 1990). A sap flow sensor installed on the same branch that was selected for 
enclosure in the branch bag allowed comparison between the transpiration rate from the 
leaves and the sap flow rate in the supporting branch (see Section 2.6.1). For the sap flow 
sensor at root level, care was taken to choose a root that could be excavated carefully. 
After installation of the sap flow sensor on the upper part of the root, it was placed in the 
original position and covered with soil. 
 
Table 2.2: Duration of each measurement period for beech and oak respectively 
(begin and end date are given), and an outline of the physiological measurements 
carried out during those periods. Symbols: E = transpiration rate, F = sap flow rate 
and ∆d = diameter fluctuation. 
Tree species Measurement period Physiological measurements 
Beech 14 June – 29 July 2001 
4 June – 20 August 2002 
18 April – 20 October 2003 
E, F at root, branch and stem level and ∆d 
E, F at root, branch and stem level and ∆d 
F at branch and stem level and ∆d 
Oak 19 August – 4 October 2001 
28 August – 17 September 2002 
18 April – 20 October 2003 
E, F at root, branch and stem level and ∆d 
E, F at branch and stem level and ∆d 
F at branch and stem level and ∆d 
 
Initially, the sap flow rates were calculated according to the theory described above. 
However, some datasets of sap flow estimates suffered from early morning spikes owing to 
the neglect of heat storage. Therefore, these measured datasets had to be corrected by 
including a heat storage term, as reported by Grime et al. (1995a). The procedure to correct 
sap flow estimates for the heat storage term is discussed in the next section.  
2.4.2.2 Heat storage  
As shown in Figure 2.12 and Eq. (2.14), the heat balance drawn up for a stem segment is 






∆×  ( 2.19 ) 
assuming steady-state conditions within the stem segment (i.e. thermal equilibrium), so 
that the left-hand side of Eq. (2.19) is zero. The left-hand term represents the change in 
heat storage within the stem segment (Qs, W), where cst is the heat capacity (J K-1) and Tst 
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the temperature of the stem (K). Some authors have found that errors in sap flow estimates 
can arise if changes in the storage of heat in the heated section of the stem are neglected 
(Groot and King, 1992; Shackel et al., 1992, Grime et al., 1995a), just as what was also 
observed for some sap flow measurements in this study. However, if the temperature of the 
stem is measured, then the heat storage term can be quantified and added to the heat 











∆××=  ( 2.20 ) 
where cv is the volumetric heat capacity of the stem tissue (J m-3 K-1), and Vst is the stem 
volume affected by heating (m3), which can be reasonably approximated as the volume of 
stem enclosed by the heater (Weibel and Boersma, 1995). The value of Qs can be 
calculated provided cst or its components cv and Vst are known. As these parameters are not 
known precisely, the non-destructive approach of Grime et al. (1995a) discussed below 
was adopted for the estimation of cst. A major benefit of this approach is that it also leads 
to an estimate of the true value of Ksh requiring only a zero sap flow (Qf = 0) condition, and 
making no assumption about ∆Tst/∆t. Assuming zero sap flow conditions, the heat balance 






∆×  ( 2.21 ) 













∆×∆  ( 2.22 ) 
The first term on the right-hand side of the equation represents Ka [see Eq. (2.17)], which 
















 ( 2.23 ) 
Therefore a plot of 1/∆Tr×(∆Tst/∆t) against Ka should be a straight line, with slope 1/cst and 
intercept –Ksh/cst.  
 
The above analysis is illustrated in Figures 2.14 to 2.16 for a young oak tree with a stem 
diameter of 15 mm. Following the approach of Grime et al. (1995a), diurnal courses of 
stem temperature (Tst) were measured with a small thermocouple attached to the stem, and 
the sap flow sensor installed in such a way that the thermocouple was located at the centre 
of the heater. Figure 2.14a shows a 1-day sample of the diurnal courses of air and stem 
temperature. Corresponding diurnal changes in the temperature increase of sap passing 
through the heated segment is also shown (Figure 2.14b). 
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Figure 2.14: (a) Influence of the air temperature (Ta) on the diurnal variation of the 
absolute stem temperature (Tst), and (b) the temperature increase of the sap (∆T) as it 
flows through the heated segment. The line parallel to the x-axis at ∆T = 0.5°C in (b) 
indicates the tolerance limit used to identify unreliable data at low flow rates (see ‘low 
flow’ filter; Section 2.4.2.1). 
 
Due to constant heating, the stem temperature reached up to 10 °C above ambient air 
temperature during the night. In the morning, the temperature difference between the 
heated segment and the air temperature decreased as sap started to flow, with the 
magnitude of this decrease increasing for higher sap flow rates (see also Section 2.4.2.4). 
The diurnal change in temperature increase of sap passing through the heated stem 
segment (Figure 2.14b) was quite similar to the change in air temperature. As ∆T remained 
higher than the tolerance limit of 0.5 °C during the whole day, no ‘low flow’ filtering was 
needed during the off-line sap flow calculation (Section 2.4.2.1). 
 
Changes in the stem heat storage (Qs; Figure 2.15b) were calculated from the change in 
stem temperature (Figure 2.14a) during each 5-min period using Eq. (2.20). The value of 
cst needed to calculate Qs was estimated from the plot of 1/∆Tr×(∆Tst/∆t) against Ka (Figure 
2.15a). 
 
As shown in Figure 2.15a, a strong linear relationship existed between 1/∆Tr×(∆Tst/∆t) and 
Ka (R2 = 0.7793). From the slope and the intercept, cst = 14.63 J K-1 and Ksh = 0.973 W 
mV-1 were estimated. These values for cst and Ksh were then used in combination with the 
dataset of stem temperature (Figure 2.14a) to estimate the heat storage term (Qs) used for 
correction of the calculated sap flow measurements based on the simplified heat balance 
equation (Section 2.4.2.1). Figure 2.15b shows the diurnal course of Qs calculated from Eq. 
(2.20). A clear diurnal trend can be observed with net heat losses from the stem during the 
night (as the stem cooled) and heat gains during the morning (as the stem warmed up). 
Following the morning changes in heat storage, Qs remained close to zero during the rest 
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of the daytime period. The maximum value of Qs (0.01 W) corresponded to only 6 % of 
the power supplied by the heater (0.18 W). Nevertheless, neglect of this heat storage term 
resulted in large morning spikes as is shown in Figure 2.16.  
 
Figure 2.15: (a) Plot of 1/∆Tr×(∆Tst/∆t) against the apparent sheath conductance Ka 
for a sap flow sensor installed on the stem of a young oak tree (stem diameter = 15 
mm), and (b) the diurnal course of the change in heat storage (Qs). All 5-min values 
measured between 22 and 5 h were used for the linear regression in (a) as night time 
sap flow was then negligible. The linear regression in (a) is y = 0.068 x – 0.067. The 
coefficient of determination (R²) is also given. 
 
The sap flow rate was determined by either including [corrected, Fc; Eq. (2.19)] or 
omitting [uncorrected, Fu; Eq. (2.14)] the heat storage term of the heat balance (Figure 
2.16). The main impact of neglecting Qs was associated with a large early morning spike in 
the calculated sap flow rates, which was completely removed by taking Qs into account. 
 
Figure 2.16: Diurnal course of the sap flow rate measured on the stem of a young oak 
tree. Both uncorrected (Fu) and corrected (Fc) sap flow rates for changes in heat 
storage Qs are shown. The large morning spike due to the neglect of Qs is also shown. 
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As such, it can be concluded that including the heat storage term in the heat balance gives 
an improved dynamic resolution. However, including the heat storage term is not always 
necessary as shall be explained in Section 2.4.2.4. The relative magnitude, duration and 
importance of changes in Qs are influenced by the sap flow rate and the patterns of ambient 
temperature variation. These factors should be considered in order to decide whether or not 
to measure stem temperature and, hence, include the heat storage term in the heat balance. 
The objective of the experiments (time resolution and accuracy requirements) may also 
influence this decision (Grime and Sinclair, 1999). 
2.4.2.3 True Ksh value 
The accurate determination of sap flow rates depends critically on the correct evaluation of 
Ksh. Therefore, it is appropriate to compare the true value calculated for Ksh by the 
regression analysis method (as explained in Section 2.4.2.2) with the mean of apparent Ka 
values between 0 h and 6 h (as suggested in Section 2.4.2.1), and with the minimum Ka 
value observed between 0 h and 6 h [as suggested in the operation manual by van Bavel 
and van Bavel (1990)]. Mean Ka between 0 h and 6 h for the 1-day sample presented in 
Figure 2.15 was calculated to be 0.967 W mV-1, whereas the minimum Ka value was 0.954 
W mV-1. Both values were smaller than the true Ksh value (= 0.973 W mV-1; see Section 
2.4.2.2).  
 
To analyse whether the values for Ksh obtained by these three methods were statistically 
different, a regression analysis was performed for each night during 30 consecutive days, 
and the true mean Ksh value of the sap flow sensor installed on the stem of a young oak tree 
was calculated. In addition, daily minimum and mean Ka between 0 h and 6 h were also 
determined. The different sheath conductances for the sap flow sensor are shown in Figure 
2.17, together with the statistical analysis to compare the mean Ksh obtained by either 
method with the true mean Ksh determined from the regression analysis.    
 
Figure 2.17 shows that the sheath conductance (Ksh) calculated as minimum apparent Ka 
between 0 h and 6 h is smaller than those obtained from regression analysis and from 
averaging the apparent Ka values between 0 h and 6 h. Statistical analysis confirmed that 
the minimum Ka value systematically underestimated the true Ksh value, whereas mean Ka 
and true Ksh were found to be statistically equal. As such, it can be concluded that 
averaging the apparent Ka values between 0 h and 6 h can be used to estimate the true Ksh 
value without introducing significant errors in the estimates of the sap flow rate (Section 
2.4.2.1). However, care should be taken when Ksh is estimated as minimum apparent Ka, as 
is suggested in the operation manual of the Dynagage sap flow sensors (van Bavel and van 
Bavel, 1990), because this can lead to an underestimation of the true sheath conductance. 
This conclusion was also found by Grime and Sinclair (1999). 
 
   An experimental system for analysis of sap flow dynamics in young trees 63 
 
Figure 2.17: Mean value and standard deviation (µ ± SD) for the sheath 
conductance (Ksh) of a sap flow sensor installed on the stem of a young tree during 
30 consecutive days. Ksh was obtained from regression analysis (Regression), or was 
calculated daily as mean or minimum value from apparent Ka values between 0 h 
and 6 h (Mean and Minimum respectively). Statistical analysis is also shown. The    
t-test for comparison of means was used to compare the mean Ksh value obtained by 
either method with the mean true Ksh value obtained from regression analysis.                  
P-values > 0.05 were considered statistically equal. 
2.4.2.4 Stem temperature 
Introduction 
To include the heat storage term in the heat balance equation, the daily courses of stem 
temperature (Tst) are required. Inspection of these daily courses shows that in some cases 
the pattern of Tst follows that of the air temperature (Figure 2.14a) while in other cases the 
pattern is completely reversed (Grime and Sinclair, 1999). This clearly indicates that in 
addition to the air temperature another variable exercises its influence on the stem 
temperature, i.e. the sap flow rate. However, no literature data exist on how both factors 
might interact to finally determine Tst of the heated stem segment. 
 
In this section, an off-line experiment is presented in order to determine the separate 
influence of air temperature and sap flow rates on the temperature of the stem. An attempt 
was made to infer the stem temperature from both measurements. In a case study, the 
findings observed on a cut stem segment finally were tested on a living tree stem.  
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Off-line experiment to separate the contribution of the factors determining the stem 
temperature 
The daily course of stem temperature (Tst) and, hence, the change in heat storage, is 
influenced by both the sap flow rate (F) through the heated stem segment and the ambient 
air temperature (Ta). In order to determine the separate contribution of these variables to 
Tst, an off-line experiment was carried out (Figure 2.18).  
 
Figure 2.18: Schematic view of the off-line experimental system used to study the 
separate influence of air temperature and sap flow rate on the stem temperature of a 
heated stem segment. Stem temperature is measured with a small thermocouple 
attached to the surface of the stem, and the sap flow sensor is installed in such a way 
that the thermocouple is located at the centre of the heater. The tap is used to regulate 
the flow rate through the cut stem section. By collecting the water that passed the stem 
segment the true flow of water can be calculated and used for validation purposes.  
 
A cut stem segment of a young tree (stem diameter = 10.5 mm) was sealed to a hose 
which, in turn, was connected to a regular tap. The tap was used to control the flow rate of 
water passing through the stem segment. A small thermocouple was attached to the surface 
of the stem segment, and the sap flow sensor (Dynagage SGA10) was installed in such a 
way that the thermocouple was positioned at the centre of the heater. This experimental 
system was used to study the separate influence of F and Ta on Tst. 
 
Furthermore, the off-line experiment also allowed to validate the sap flow measurements 
obtained with Dynagage sap flow sensors (see Section 2.4.2.5). For this purpose, the water 
passing through the cut stem was collected in a beaker, placed directly below the heated 
stem segment. At measured time intervals, the collected water was weighted with a 
precision balance (Type B310S, Sartorius Technology, Belgium). The flow rate of water 
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passing through the stem segment was then calculated by dividing the value of weighted 
water through the measured time interval. 
Separated influence of air temperature and sap flow rate on the temperature of a cut stem 
segment 
In order to control the air temperature (Ta), the off-line experiment (Figure 2.18) was 
carried out inside the growth room. While Ta was kept constant at (21.7 ± 0.3) °C, the 
influence of a changing flow rate of water (F) on the stem temperature (Tst) was 
investigated by turning the tap. The flow rate passing through the stem segment was 
calculated according to the simplified heat balance equation [Eq. (2.18)]. Figure 2.19a 
shows the response of Tst to increasing flow rates passing through the heated stem segment. 
Following this experiment, the flow rate of water was kept constant while Ta was allowed 
to vary from 16.5 to 22.3 °C in order to investigate as such the separate influence of a 
changing air temperature on Tst. The difference in response of Tst on a high (35.0 ± 1.3) 
g h-1, respectively low (5.0 ±1.2) g h-1 constant flow rate of water passing through the 
heated stem segment, was studied. The results are shown in Figure 2.19b. 
 
Figure 2.19: Response of the stem temperature (Tst) measured on the surface of a 
heated stem segment (diameter = 10.5 mm) to (a) the water flow rate (F) and (b) the 
air temperature (Ta). The equation shown in (a) is Tst = 23.8 + 9.5 × exp (–0.05 × F), 
the coefficient of determination (R2) being 0.9937 (n = 378). The hysteresis in (b) 
corresponds with a high (35.0 ± 1.3 g h-1), respectively low (5.0 ± 1.2 g h-1) constant 
flow rate through the stem segment. The arrows indicate the hysteresis phenomena. 
 
Figure 2.19a shows that Tst of the heated stem segment decreased in response to an 
increased flow rate, at constant air temperature. At low flow rates (F < 30 g h-1) a steep 
decrease in Tst was found for every increase in F, whereas the response of Tst on F at 
higher flow rates (F > 30 g h-1) was less pronounced. The following exponential 
relationship (R2 = 0.9937, n = 378) was used to mathematically describe the response of Tst  
on a change in F:  
F (g h-1)
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 ( )F...Tst 050exp59823 −+=  ( 2.24 ) 
This relationship indicates that whenever F becomes very large, Tst will stabilize at a 
temperature of 23.8 °C, which still is about 1 °C higher than the air temperature selected 
for the experiment; this temperature difference being attributed to the constant heating of 
the stem segment. Equation (2.24) allows quantification of the contribution to Tst solely 
caused by a changed flow rate of water. In natural conditions it is difficult to realise a 
similar situation, as the sap flow rate in living tree stems is interactively connected to its 
surrounding microclimate. To produce an increase in sap flow rate through the living tree, 
the incoming radiation can be increased. However, this will inherently cause an increase of 
the air temperature Ta, while in this experiment Ta was aimed to be constant.   
 
As for the response of Tst to a varying air temperature at constant flow rates (Figure 2.19b), 
it was found that Tst responded differently depending on the magnitude of F passing 
through the heated stem segment. Whereas for both high and low flow rates, a hysteresis 
was observed between Tst and Ta, indicating that Tst lagged behind the change in Ta, the 
magnitude of the Tst values at which the hysteresis phenomena occurred was different for 
both cases: Tst being higher for lower flow rates. Thus, at low flow rates, the difference 
between stem and air temperature was larger than at high flow rates, being 10 and 4 °C 
respectively. This is related to the fact that, with heat balance measurements performed at 
low flow rates, a relatively smaller part of the supplied heat is transported by the water 
flow (convective heat transport) in comparison to the convective heat transport during high 
flow measurements. As such, the stem segment through which a low flow is passing will 
be heated up more.        
Combined influence of air temperature and sap flow rate on the temperature of a living 
tree stem 
Now that the separate contributions of both factors (flow rate F and air temperature Ta) to 
the stem temperature (Tst) are known, it is appropriate to test these findings on 
measurements carried out on a living tree stem. Both F and Ta will then exert their 
respective contribution at the same time of which the result will be revealed in the diurnal 
change of Tst. Figure 2.20 shows a 9-day sample of F measurements together with the 
diurnal courses in Tst, Ta and soil temperature (Ts) for a young oak tree. During the 9-day 
period, the young tree was subjected to step changes in different microclimatic factors (i.e. 
DOY 252: decrease in air temperature Ta; DOY 253: decrease in RH; DOY 254: increase 
in RH and DOY 255: increase in soil temperature Ts). As it not intended here to explain in 
detail the responses of the young tree to all these step changes, one should, for the 
remainder of this section, only focus on the severe drop in sap flow rate when a step 
change in soil temperature (Ts) was applied to the root system of the young oak tree. 
During one day (DOY 255) Ts was increased up to 35 °C for 2.5 hours (Figure 2.20b). 
After this step change, the soil temperature control was switched off, allowing Ts to 
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fluctuate again freely depending on the atmospheric microclimate. This rapid heating of 
the roots caused important changes in physiological response of the young oak tree. It 
might be that the high soil temperature had caused severe oxidative damage to the roots 
and the leaves (Huang et al., 2001) which resulted in a remarkable lower sap flow rate 
compared to the previous days (i.e. mean sap flow rate decreased from 27.5 to 4.5 g h-1 
respectively; Figure 2.20a). 
 
Figure 2.20: A 9-day sample of (a) the sap flow rate (F) measured in the stem of a 
young oak tree (stem diameter = 17.2 mm), and (b) the stem temperature (Tst) 
measured at the centre of the sap flow heater. The air temperature (Ta) and the soil 
temperature (Ts) are also shown. Sap flow rates are given by uncorrected (Fu) and 
corrected (Fc) values (corrected for changes in heat storage). Time is indicated as 
Day Of the Year (DOY). The period before the step change in soil temperature is 
represented by DOY 250-254 (Period 1), while DOY 256-258 represent the period 
after the step change (Period 2). 
 
As shown in Figure 2.20b, the decrease in sap flow rate had important consequences for 
the diurnal courses of the stem temperature Tst. Whereas Tst decreased as sap flow started 
in the period preceding the imposed step change in soil temperature (Period 1 in Figure 
2.20), Tst increased in the morning and followed the diurnal pattern in Ta in the period after 
the step change (Period 2 in Figure 2.20). The inversion in diurnal course of Tst observed at 
the transition from high to low sap flow rates at DOY 255, can be quantified by combining 
the effects of both Ta and F.  
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Calculation of the stem temperature of a living tree from the separated contribution of air 
temperature and sap flow rate 
Table 2.3 shows the separated contribution to Tst measured on a living tree of the sap flow 
rate on the one hand and the air temperature on the other. Two typical days characterised 
by a high and a low sap flow rate respectively were selected from the 9-day sample period 
presented in Figure 2.20 (i.e. DOY 250 and DOY 258).  
 
Table 2.3: Separated contribution of the sap flow rate (F) and the air temperature (Ta) 
to the resulting stem temperature (Tst) measured during a day with a high (DOY 250) 
and a low sap flow rate (DOY 258). The mean values calculated during the day and 
the nighttime are given, as well as the difference between these two values. A negative 
value indicates a decrease in the respective variable, while a positive value represents 
an increase. The values of Tst inferred from Figure 2.20b are also given for 
comparison. 
  DOY 250 DOY 258 
  Daytime Nighttime Difference Daytime Nighttime Difference 
F (g h-1)  27.6 0.1 27.5 4.4 0.2 4.2 
Tst due to F (°C)  25.9 33.2 –7.3 31.2 33.1 –1.9 
Ta (°C)  23.6 19.4 4.2 24.5 17.5 7.0 
Tst due to Ta (°C)  26.1 21.8 4.3 33.0 26.9 6.1 
Resultant Tst (°C)  – – –3.0 – – 4.2 
Measured Tst (°C)  25.6 28.7 –3.1 31.2 26.9 4.3 
 
According to Eq. (2.24), a decrease of –7.3 °C for Tst was calculated for DOY 250 as sap 
started to flow in the morning; the magnitude of this temperature decrease being smaller 
for lower sap flow rates (Table 2.3; Figure 2.19a). Whereas Grime and Sinclair (1999) 
found that the magnitude of the stem temperature decrease became larger for larger stem 
sizes, the above result rather suggests that the value of the decrease is mainly determined 
by the amount of sap flow passing through the stem during the morning. This is a more 
correct description as larger stems, with their normal higher sap flow rates, can also be 
affected by stress, lowering the sap flow rates below normal high flow conditions. In 
addition to the increased F during the morning, Ta also increased (Table 2.3; Figure 2.20b). 
From the morning hysteresis in Figure 2.19b [i.e. 90665441290 2 .T.T.T aast +−= for the 
low flow rate, R2 = 0.9974; and Tst = 20.38 + 5.84/(1 + exp(–(Ta – 20.37)/0.87)) for the 
high flow rate, R2 = 0.9989] it was determined that the increase in Ta of 4.2 °C and 7°C for 
DOY 250 and 258 respectively corresponded to an increase in Tst of 4.3 °C and 6.1 °C. 
Both separate effects were then combined and resulted in a decrease of Tst of 3.0 °C for 
DOY 250 with high sap flow rates, and an increase of 4.2 °C for DOY 258 with low sap 
flow rates.  
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The values for Tst inferred from the measured diurnal courses shown in Figure 2.20b 
confirmed the above calculations (Table 2.3). As such, it was experimentally prove that 
values of Tst are influenced by and can be predicted from estimates of F and Ta and this 
with a high level of accuracy.   
Uncorrected versus corrected sap flow rates 
Figure 2.20a shows the sap flow rate determined by either including (Fc) or omitting (Fu) 
the heat storage term of the heat balance. The diurnal courses of Tst, together with the value 
of cst (= 26.2 J K-1), was used to calculate Fc. It is important to note that during days with 
high sap flow rates, no morning spikes were observed when heat storage was neglected, 
and thus, no correction was actually needed to obtain accurate sap flow estimates with a 
good dynamic resolution. However, during days with low sap flow rates, the sap flow 
estimates suffered from early morning spikes owing to changes in heat storage. Thus, at 
low flow rates the accuracy and the dynamic resolution was improved by taking into 
account the change in heat storage. As such, it can be concluded that correction for heat 
storage should be applied whenever the sap flow through the heated stem segment is low, 
regardless the size of the stem. 
2.4.2.5 Validation of sap flow measurements 
To determine the accuracy of heat balance sap flow sensors, sap flow rates for potted trees 
are often compared with weight losses of water from the pot; the surface of the pot being 
covered to minimize evaporation from the soil surface. These weight losses are generally 
recorded by an electronic balance (Baker and van Bavel, 1987; Groot and King, 1992; 
Weibel and Boersma, 1995; Grime et al. 1995a, b) or by a weighing lysimeter (Shackel et 
al., 1992). As these measurements require additional equipment, another approach was 
applied here to test the accuracy of the sap flow measurements obtained with Dynagage 
sap flow sensors. The off-line experiment as depicted in Figure 2.18 was suitable for this 
purpose.  
 
For the test, a cut stem segment of a young beech and a young oak tree with stem 
diameters of 11.5 and 10.5 mm respectively were used. Each segment in turn was 
connected to a regular tap (Figure 2.18) which allowed control of the water flow through 
the stem segment. Water flow rates were measured with a Dynagage sap flow sensor 
(SGA10) installed at the centre of the stem segment. The water passing through the 
segment during 10-min time periods was collected in a beaker and weighted with a 
precision balance. The water flow rate was then calculated by dividing the weighted water 
mass through the 10-min time interval. To determine the accuracy of the sap flow sensor, 
flow rates estimated from the heat balance (FHB) were compared with those calculated 
from the weight of water collected at specified time intervals (FW).   
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Figure 2.21 shows the comparison between flow measurements obtained from the heat 
balance method and from the weighted water method. This is done as function of time and 
in a scatter plot.  
 
Figure 2.21: Comparison of sap flow measurements obtained from the heat balance 
method (FHB) and from the weight of water collected at specified time intervals (FW): 
(a) as function of time (for a beech stem segment) and (b) in a scatter plot (for both a 
beech and an oak stem segment). FHB was obtained  with a Dynagage sap flow sensor 
(SGA10). The stem diameters of the beech and oak stem segment were 11.5 and 
10.5 mm respectively. The 1:1 relationship is represented by the dashed line. The 
coefficients of determination (R2) are also given. 
 
Figure 2.21a reveals a very good agreement (R2 = 0.9783) between sensor measurements 
and the balance method, also indicating the good response time of the sap flow sensor. 
This is confirmed by the scatter plot in Figure 2.21b. Only at high flow rates (> 70 g h-1), a 
slight deviation from the 1:1 relationship is revealed. From Figure 2.21b, a strong linear 
relationship between FHB  and FW  could be inferred (R² = 0.9612), given by: 
 WHB F.F ×= 04571  ( 2.25 ) 
This equation indicates that the sap flow estimates from the heat balance were within 5 % 
of those calculated from the weight of water collected at specified time intervals. As such, 
it can be concluded that the sap flow rates obtained with the Dynagage sap flow sensors 
were reliable, with errors even less than the 10 %  accuracy specified by the manufacturer 
(see Table 2.1).  
2.4.3 Diameter fluctuation 
According to the cohesion-tension theory for the ascent of water in plants, significant 
tensions develop in the water columns of transpiring trees when they pull water up from 
the soil to the leaves. Whenever an imbalance exists between the water uptake from the 
soil and the water losses from transpiring leaves (i.e. dynamic flow conditions), water is 
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withdrawn from the internal water storage pools. The exchange of water between the 
internal storage pools and the transpiration stream causes small but detectable changes in 
the stem diameter of the tree. Thus, changes in stem diameter result from changes in the 
water balance of stem tissue. Differences in water balance are often revealed by diurnal 
changes in the stem diameter. In addition to these diurnal changes, the stem diameter also 
expands with time as the result of an irreversible growth component. Small changes of the 
stem diameter were detected in this study by using linear variable displacement transducers 
(LVDT; item #28 in Figure 2.2; Table 2.1). 
2.4.3.1 Basics of LVDT measurements 
A LVDT (Linear Variable Displacement Transducer; Figure 2.22) is an electro-mechanical 
transducer that produces an electrical output proportional to the displacement of a separate 
movable core.  
 
Figure 2.22: A LVDT sensor installed on the stem of a young beech tree and 
supported by a custom-made holder 
 
The LVDT sensor consists of a hollow metallic cylinder in which a pushrod of smaller 
diameter moves freely back and forth along the cylinder’s long axis. The pushrod ends in a 
rod-shaped magnetic core which must be within the coil assembly when the device is 
operating (Figure 2.23a). The spring-extended sensor head (which forms the contact end of 
the pushrod with the stem) is attached to the stem with a custom-made sample holder 
(Figure 2.22). Shrinking or swelling of the stem moves the core inside the coil assembly. 
This motion is measured electrically in a RC circuit.  
 
The LVDT consists of a primary coil and two secondary coils symmetrically spaced with 
respect to the core (Figure 2.23a). The free-moving, rod-shaped magnetic core inside the 
coil assembly provides a path for the magnetic flux linking the coils. When an AC 
excitation signal is applied to the primary coil, voltages are induced in the two secondary 
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coils. These are connected in such a way that the two voltages are of opposite polarity. 
Therefore, the net output of the transducer is the difference between these voltages, being 
zero when the core is at the centre or null position (Figure 2.23b). When the core is moved 
from the null position, the voltage induced in the coil towards which the core is moved will 
increase, while it will decrease in the opposite coil. This action produces a differential 
voltage output. The phase of the voltage output is determined by the direction of the core’s 
displacement. The amplitude varies linearly with the displacement of the core from the 
centre.  
 
Figure 2.23: (a) Schematic view of a LVDT showing its coil assembly and the free-
moving magnetic core and (b) change of the voltage output as function of the core 
position. The magnetic core shown in (a) is at null position meaning that the voltage 
output shown in (b) is zero. Core positions of +100  and –100 % in (b) refer to the 
magnetic core in (a) which is then moved completely to the right or to the left 
respectively. 
 
As electrical transformer, the LVDT requires an AC input in order to function. It produces 
a low-level AC output which is proportional to the displacement of the core. This low-level 
AC output must be amplified and converted into a filtered DC signal for measurement 
purposes. Therefore, the LVDT is connected to a transducer bridge (Table 2.1). This single 
enclosure contains the appropriate electronic circuitry to provide suitable AC power to the 
LVDT and to translate the displacement into a linearised mV signal.   
 
Figure 2.24 shows the typical evolution of the stem diameter during two consecutive days 
measured with a LVDT fixed on the stem of a young beech tree (DOY 127-128). The 
variation in stem diameter during 24 hours reveals both the growth of stem tissue and 
changes in stem tissue water content; the latter being determined by the relative rates of 
water loss and water uptake. Noteworthy is that the thermal expansion of the xylem, as 
calculated by the linear coefficient of expansion for xylem (i.e. 22 × 10-6 °C-1 for beech) × 
diameter of stem (µm) × change in temperature (°C), hardly influenced the stem diameter 
variation. The deviations remained limited to ± 1.5 µm (Figure 2.24). Therefore, it can be 
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concluded that correction for thermal expansion of the xylem can be neglected without 
introducing significant errors in the estimates of the stem diameter variation. 
 
Figure 2.24: A typical 2-day example of the stem diameter change (D) measured with 
a LVDT fixed on the stem of a young beech tree (stem diameter = 16.5 mm). The 
diameter was reset to zero at the beginning of the measurements. The maximum 
shrinkage, the absolute growth and the growth curve are shown. The stem diameter 
change corrected for the thermal expansion of the xylem is also plotted. 
 
A growth curve can be obtained by interconnecting the diameter maxima displayed at the 
end of each night (Figure 2.24). The slope of this curve represents the growth rate of the 
stem and, after normalisation with respect to the stem diameter, a relative growth rate (s-1) 
can be calculated. The time integration of the relative growth rate over 1 d for the beech 
stem was then 0.25 %. This time-integrated relative growth rate was rather high as the 
measurements were carried out at the beginning of the growing season when the stem was 
in full expansion. 
 
The daily fluctuations imposed on the normalised growth signal reveals the depletion and 
the replenishment of the internal water storage pools. At the onset of the day (6 h) a sharp 
decline occurs due to the depletion of the water from the internal storage pools as leaf 
transpiration exceeds the water supply by the root system. From 11 h on, the stem diameter 
remains constant, indicating that steady-state conditions are reached. Swelling occurs 
during night as a result of water uptake under low or negligible transpiration rates whereby 
the water storage pools are again refilled. 
 
An attempt is made in Section 2.7.3 to mathematically link the diameter fluctuation with 
the change in internal water storage. 
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2.4.3.2 Validation of LVDT measurements 
To mount the LVDTs on the stem of young trees a holder had to be custom-made (Figure 
2.22). As these holders were constructed from aluminium sheets, a control run was carried 
out to test whether corrections were needed for thermal expansion of the holder. Therefore, 
the LVDTs were mounted on an aluminium rod with a diameter of 12 mm (Figure 2.25). 
 
Figure 2.25: Schematic top view of the custom-made holder used to support the 
LVDT. The LVDT is mounted on an aluminium rod with a diameter of 12 mm. The 
figure is at true scale.  
 
The control run was carried out in the growth room where the aluminium rod was 
subjected to the same radiation and air temperature regime as was normally used for 
measurements on young trees during reference days; being 200 µmol PAR m-2 s-1 from 6 h 
to 20 h and 21 and 13 °C for day and night temperature respectively. Due to the variation 
in air temperature the dimension of the aluminium rod changed as a consequence of its 
thermal expansion coefficient. 
 
For a given set-point in time, the expansion/contraction of the aluminium rod was 
calculated from: 
 Tdd ∆××α=∆  ( 2.26 ) 
where ∆d is the expansion/contraction of the diameter of the rod (µm), α is the thermal 
expansion coefficient of aluminium (= 23 × 10-6 °C-1), d is the initial diameter of the rod 
(µm) and ∆T is the change in temperature (°C) which was calculated as the difference 
between the actual temperature and the initial temperature at the set-point.    
 
The variation of the diameter of the rod calculated with Eq. (2.26) from the thermal 
expansion coefficient of aluminium and from the measurements of the air temperature was 
then compared with the LVDT measurements. As shown in Figure 2.26 a good agreement 
was found between the calculated and the measured diameter fluctuation of the rod. As for 
the dynamics, it can be concluded that the response time of the LVDT sensor was 
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sufficient to follow the contraction/expansion of the metallic rod due to changes in air 
temperature. Comparison of the absolute values of calculated and measured diameter 
changes showed that the latter displayed more scatter. This scatter, however, remained 
limited to ± 1 µm; which is the precision specified by the manufacturer (Table 2.1).  
 
Figure 2.26: Diameter fluctuations (d) of an aluminium rod (initial diameter = 12 
mm) calculated from the thermal expansion coefficient of aluminium and the change 
in temperature [Eq. (2.26)] and measured with a LVDT supported by a custom-made 
aluminium holder. The LVDT measurements corrected for the thermal expansion of 
the custom-made holder are also shown. 
 
It was expected that, in addition to the aluminium rod, the custom-made holder would also 
expand/contract due to the imposed temperature regime. The control run showed that no 
corrections for thermal expansion of the frame were needed. Moreover, when the LVDT 
measurements were corrected by adding the thermal expansion of the custom-made holder 
to the LVDT measurements, the results obtained became worse by overestimating the 
calculated values during the day and underestimating them during the night (up to 6 µm). 
Therefore, it was concluded that no temperature correction for thermal expansion was 
required for the custom-made holders used to support the LVDTs. 
2.5 Data acquisition 
All signals from sensors and devices were logged at 15-s intervals using a data acquisition 
system connected to a PC through a GPIB interface card (item #29 in Figure 2.2; HP 
34970A, Hewlett Packard, Belgium). A program was written in HP VEE (Hewlett-Packard 
Visual Engineering Environment) to enable sensor measurements to be monitored 
continuously on the PC screen (#30). HP VEE is a visual programming language optimised 
for building measurement applications, especially programs with operator interfaces 
(Helsel, 1997). The program was constructed by connecting icons together on the screen, 
each icon performing a specific function. The resulting HP VEE program resembled a data 
flow diagram and could be run like a program written in a textual language such as C or 
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Visual Basic. A detailed view of the program is shown in Figure 2.27, whereas the panel 
view of this program is shown in Figure 2.28.  
 
Figure 2.27: Detailed view of the HP VEE program written for logging all sensors 
and devices of the experimental system shown in Figure 2.2 
 
The detailed view (Figure 2.27) shows all the connections between the icons, or objects, 
and is analogous to the source code in a textual language. The objects performed various 
functions such as I/O operations, analysis and display. All objects used their input and 
output pins in a consistent way, i.e. data input pins were located on the left, data output 
pins on the right and operational sequence pins on the top and the bottom. Each object 
could be displayed in its closed view (e.g. Hour, Min, Sec in Figure 2.27) or in its open 
view (e.g. Day, Date, Month, Year in Figure 2.27); the open view being larger and 
showing more details. When the program was started, the start time was compared with the 
actual time on the PC and when both were equal the ‘if/then/else’-object triggered the 
‘Scan Interval’-object, and subsequently the objects ‘Air temperature’, ‘Relative humidity’, 
‘Soil water potential’, ‘Radiation’, ‘Diameter fluctuation’, ‘Sap flow’, ‘Gas analysis’ and 
‘Soil temperature’ were executed, which all contained their own subprogram for logging 
the respective sensors. It can be seen from Figure 2.27 that the object ‘Air temperature’ 
passed recorded data to the next object (‘Relative humidity’) where it then was used to 
calculate the imposed relative humidity of the tree chamber. 
 
From this detailed view, an operator interface was created, which is referred to as the panel 
view (Figure 2.28). Only the pop-up objects to select the start time of the program and the 
displays of the actual and start time are presented to the operator. In this way, the operator 
can check when the program is due to start. 
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Figure 2.28: Panel view of the HP VEE program used for logging all sensors and 
devices of the experimental system shown in Figure 2.2 
 
Once the data acquisition system was started, all the signals of the sensors were then 
automatically logged at 15-s intervals by means of the individual subprograms. By 
selecting a subprogram in the program explorer (shown on the left in Figure 2.28), the 
respective operator interface is opened enabling the operator to follow the logged signals 
of the sensors on the screen. It was programmed that the sensor signals were averaged over 
5-min periods, and that the averages were stored on the hard disk of the PC for the whole 
measurement period. As shown in Figure 2.27 the scan rate and averaging procedure of the 
data acquisition system could be adapted when needed.   
2.6 Points of consideration concerning sap flow dynamics 
In the previous sections, the working principle of the physiological sensors and devices, 
together with the validation of their measurements, were discussed in detail. In Section 2.6, 
particular attention is paid to the analysis of the experimental system and its use to improve 
the understanding of water transport in young trees. Some important points which have to 
be taken into consideration will now be highlighted. 
2.6.1 Sap flow and transpiration 
As revealed in Section 2.4.1 and 2.4.2, both the transpiration rate (E) and the sap flow rate 
(F) can be estimated with a high level of accuracy. An experiment was carried out to test 
whether the water vapour loss by leaf transpiration could be estimated from measurements 
of liquid water flow in the xylem of the branch supporting those leaves using a sap flow 
78  Chapter 2 
sensor. For this purpose, a sap flow sensor was installed just below the branch bag. A leaf 
area of 0.146 m2 was enclosed out of a whole-tree leaf area of 0.879 m2 (Figure 2.29).  
 
Figure 2.29: Detailed view inside the tree chamber enclosing a young oak tree. 
Selected leaves were enclosed in a branch bag for measuring transpiration rates. A 
sap flow sensor was installed on the supporting branch ‘A’. Additional sap flow 
sensors were mounted on branch ‘B’ and on the stem of the young tree. 
 
Leaf transpiration was measured with the ‘branch bag – ADC H2O IRGA’ system, while 
sap flow rates were estimated from the heat balance technique. Figure 2.30a shows the 
transpiration rate per unit leaf area (E) for the young oak tree and the sap flow rate per unit 
leaf area measured in the supporting branch (FLA). The relationship between both variables 
is shown in a scatter plot (Figure 2.30b). 
 
A good correspondence between E and FLA of the supporting branch was found when 
looking at absolute values (R2 = 0.9187; Figure 2.30). The higher scatter in FLA compared 
to E during the night might be due to a reduced precision of the heat balance technique 
caused by the low sap flow rates in the branch. When looking at the daytime dynamics, 
Figure 2.30b clearly shows hysteresis between E and FLA(branch), indicating that E lagged 
behind FLA(branch) at the beginning and the end of the day; the time lag being larger in the 
evening. 
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Figure 2.30: (a) A 2-day sample of the transpiration rate (E) and the sap flow rate per 
unit leaf area (FLA) both measured on branch ‘A’ of the young oak tree (Figure 2.29) 
and (b) relationship between E measured with the branch bag and FLA measured with 
the Dynagage sap flow sensor. The dashed line represents the 1:1 relationship. The 
coefficient of determination (R2) is also given. The arrows indicate the hysteresis 
phenomenon.  
 
These time lags are different from the ones expected. Transpiration E is normally the first 
process being affected when the microclimatic variables change. In this respect, the 
observed time lag can be seen as a technical artefact that can be attributed to the slow 
response time of the ‘branch bag – ADC H2O IRGA’ system compared with the response 
time of the sap flow sensor. Indeed, for the concentration difference between the reference 
and sample air to be measured with the ‘branch bag – ADC H2O IRGA’ system, both air 
flows had to pass through the connecting tubes inducing the significant time lag because of 
the tubing volumes. Nevertheless, the good agreement between E and FLA in terms of 
absolute values (Figure 2.30a) indicates that the sap flow rate of a branch, measured with 
the heat balance sensor, was a good estimate for the transpiration rate of the leaves 
positioned on that branch. As such, an additional validation of both methods was 
established.  
 
From this result it could be concluded that the loss of water vapour by leaf transpiration 
might be estimated from measurements of liquid water flow in the xylem using a sap flow 
sensor. However, analysis of the time lags between E and FLA(branch) will give false 
results due to the different response time of the ‘branch bag – ADC H2O IRGA’ system 
compared to the sap flow sensor. Therefore, preference was given in this study for 
transpiration rates using FLA (branch) instead of the direct measurement of the transpiration 
rate. An additional reason for estimating transpiration rates from sap flow rates is that a 
difference exists between the microclimate inside the branch bag and the one in the tree 
chamber. This fact is discussed in the next section.  
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2.6.2 Branch bag versus tree chamber transpiration 
Two sap flow sensors were installed on two different branches (labelled ‘A’ and ‘B’) in 
order to investigate the influence of their respective microclimate on the sap flow response; 
the leaves of ‘A’ being enclosed in the branch bag and the ones of ‘B’ being enclosed in the 
tree chamber (Figure 2.29). In order to allow a meaningful comparison between the data 
obtained from the sap flow sensors installed at these two different positions, the measured 
sap flow was normalised by dividing the sap flow values by the total leaf area above the 
sensor (being 0.146 m2 for branch ‘A’ and 0.167 m2 for branch ‘B’). This yielded the sap 
flow rate per unit leaf area (FLA). A comparison of FLA in terms of absolute values and 
dynamics between both branches is shown in Figure 2.31. 
 
Figure 2.31: (a) A 2-day sample of the sap flow rate per unit leaf area (FLA) measured 
in the branches ‘A’ and ‘B’ of the young oak tree and (b) relationship between FLA 
measured in both branches. The dashed line represents the 1:1 relationship. The 
coefficient of determination (R2) is also given. 
 
As for the dynamics of FLA measured in branches ‘A’ and ‘B’ at the onset and at the end of 
the day (Figure 2.31b), no hysteresis phenomenon could be observed, indicating that no 
time lag existed between the sap flow rates in both branches. Thus, as for morning and 
evening dynamics, the time response of both sap flows was similar. When looking at the 
dynamics during the daytime, it was found that the sap flow rate in branch ‘A’ remained 
constant during the day, whereas a rather irregular pattern was found for the sap flow rate 
in branch ‘B’. Moreover, Figure 2.31a clearly shows that the absolute values of FLA in 
branch ‘A’ were about 2 mg m-2 s-1 lower than the ones found for branch ‘B’ in the tree 
chamber. This is also reflected in Figure 2.31b by the data points lying above the 
1:1 relationship. The differences in sap flow values and in daytime pattern could be 
attributed to the different microclimate inside the branch bag and inside the tree chamber 
respectively. Whereas radiation and air temperature were similar in both environments (Ta 
in the tree chamber only being 0.2 °C higher than that in the branch bag), a remarkable 
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difference in the vapour pressure deficit of the air (Da) was found. In the tree chamber Da 
increased from 0.45 to 0.75 kPa during the daytime, while this increase was limited from 
0.57 to 0.62 kPa in the branch bag.  
 
From Section 2.6.1 it was concluded that sap flow measurements might be used to estimate 
leaf transpiration without any loss of accuracy. In this section, it was found that the branch 
bag substantially altered Da around the leaves, underestimating in this particular case the 
transpiration rate of the leaves enclosed in the tree chamber. Hence, the strong point of the 
heat balance sap flow sensors is that transpiration can be estimated without affecting the 
transpiration behaviour of the plant (Weibel and Boersma, 1995). When taking this finding 
into account, only the sap flow rate measurements performed on branch ‘B’ should be used 
to estimate whole-tree water consumption. Indeed, if the total leaf area of the tree is 
known, sap flow rates at branch level can be scaled up to estimate the whole-tree water 
consumption (Steinberg et al., 1990; James et al., 2003). For the remaining part of this 
study, the total leaf transpiration rate of the young trees, referred to as F(leaves), will 
therefore be calculated by upscaling the transpiration rate of a branch FLA(branch). 
2.7 Interpretation of sap flow dynamics 
Now that the points that could introduce errors in the interpretation of sap flow data are 
elucidated (Section 2.6), it is appropriate to illustrate how the experimental system can be 
used to gain more insight in the sap flow dynamics of young trees.  
2.7.1 Sap flow dynamics of branch and stem 
A first point of interest is how sap flows measured at branch level relate to sap flows at 
stem level. In this respect, results for the same oak tree as used in Section 2.6 are presented 
here. As shown in Figure 2.29 and also in Figure 2.32, sap flow rates were measured at 
branch and at stem level of the young model tree. Following the discussion in Section 2.6, 
the sap flow rate of branch ‘B’ was used as an accurate estimate for leaf transpiration. The 
total water uptake by the root system was estimated from measurements at stem level using 
two sap flow sensors, one positioned just above the separation plate (SP) between the 
atmospheric and the soil compartment in the tree chamber and one just below; the mid 
points of the sap flow sensors being separated about 35 cm from each other. In order to 
allow a meaningful comparison between the data obtained from sap flow sensors installed 
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Figure 2.32: Detailed view inside the tree chamber enclosing the same young oak tree 
as shown in Figure 2.29. In addition to the measurements illustrated in Figure 2.29, 
the sap flow rate in the stem just below the separation plate (SP) is also measured.  
 
Figure 2.33 shows the sap flow rate at branch level (branch ‘B’) and at stem level (stem 
‘above SP’ and ‘below SP’). The relationship between these flows is shown in Figure 2.34. 
 
Figure 2.33:  A 1-day sample of the physiological response of the young oak tree 
enclosed in the tree chamber showing the sap flow rate per unit leaf area (FLA) at 
branch level ‘B’ and at stem level; stem ‘above SP’ refers to the sap flow sensor 
positioned above the separation plate in the tree chamber and stem ‘below SP’ to that 
below the plate. 
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The good agreement found between the sap flow rate at the level of the branch 
[FLA(branch)] and the whole stem [FLA(stem)] (R2 = 0.9860 and 0.9613 for the stem ‘above 
SP’ and ‘below SP’ respectively; Figure 2.34) confirmed that the sap flow measured at 
branch level can indeed be used to estimate the whole-tree water consumption (see also 
Section 2.6.2).  
 
Figure 2.34: Relationship between FLA(branch) and FLA(stem) for the stem above 
(triangle symbol) and below (circle symbol) the separation plate. Open  symbols refer 
to the daytime period and filled symbols to the nighttime period. The dashed line 
represents the 1:1 relationship. The coefficients of determination (R2) are 0.9860 and 
0.9613 for the stem above and below the separation plate respectively. The arrows 
indicate the hysteresis phenomena. 
 
As for the dynamics (Figure 2.34), a clockwise hysteresis was found between FLA(branch) 
and FLA(stem); the hysteresis being smaller for the stem above the separation plate 
compared to the stem below the plate. The hysteresis phenomenon indicates that a time lag 
exists between branch flow and stem flow: the wider the shape of the hysteresis, the larger 
the time lag between branch and stem sap flow. As illustrated in Figure 2.33, the time lag 
in sap flow response between branch ‘B’ and the stem ‘below the SP’ was indeed more 
pronounced than the one found between branch ‘B’ and stem ‘above the SP’; the time lags 
being quantified below. From the cohesion-tension theory for sap ascent in plants, these 
results were expected and, in spite of the fact that the tree was still very young, clear time 
lags were detected. 
 
The sap flow responses measured at branch and stem level showed a time lag with respect 
to the microclimate. The response of FLA(branch) was faster than FLA(stem) above the 
separation plate, which in turn was faster than FLA(stem) below the separation plate. In 
order to quantify the time lag differences between branch and stem flow, time constants 
were calculated from the daytime courses of sap flow (Figure 2.33). By definition, a time 
constant of a dynamic process indicates the time period needed for a state variable to reach 
63 % of its maximal change. Therefore, the time was calculated between the onset of 
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illumination and the time when the sap flow reached 63 % of the average sap flow value 
obtained between 8 h till 16 h. The time constants at branch level and at stem level above 
and below the separation plate for the young oak tree (Figure 2.33) were 30, 40 and 55 
min, respectively. The data confirmed the well known fact that increased hydraulic 
resistance in the xylem vessels from leaves to roots leads to increased time lags between 
the variation of the driving variable (e.g. photosynthetic active radiation) and the flow 
responses in the upward direction of the pathway. These time lags can be interpreted in 
terms of water storage capacity, as the time constant of a dynamic water flow is equal to 
the product of a hydraulic resistance with a storage capacitance. These time lags as such 
are incorporated in the flow and storage model presented in Chapter 3. 
 
Several authors (e.g. Schulze et al., 1985; Steinberg et al., 1990; Goldstein et al., 1998; 
Perämäki et al., 2001; Zweifel et al., 2001; Steppe and Lemeur, 2004) have also reported 
time lags between transpiration and sap flow varying from minutes to several hours. As 
this is true for large trees, it is often assumed that in small trees the flow rate of water 
through the stem responds immediately to changes in leaf canopy transpiration 
(Wullschleger et al., 1998). However, the results presented in this section clearly show that 
even in young trees considerable time lags can be observed.  
2.7.2 Sap flow dynamics of stem and root 
From the time lags existing between branch and stem sap flow (Section 2.7.1), it can be 
concluded that water storage pools are located along the pathway of water flow from 
branches to stem. The question that arises is whether water storage pools are also present 
between the base of the stem and the roots. To answer this question, a root of the young 
tree was carefully excavated for installation of a sap flow sensor. A second sap flow sensor 
was installed at the base of the stem in order to evaluate the sap flow dynamics between 
these two positions (Figure 2.35). 
 
It was found that installation of a sap flow sensor at root level was easier to accomplish for 
the young beech tree than for the young oak tree due to morphological differences of the 
rooting system. The roots of the beech tree are larger and longer and, hence, easier to 
manipulate. The results obtained for the root of the young oak tree were not useful for 
dynamic sap flow analysis and pointed to the possibility that the oak roots had suffered 
from the excavation and, therefore, did no longer function in a proper manner. Therefore, 
only results of root sap flow for the young beech tree are presented here (Figure 2.36). 
 
The sap flow rate at stem level Figure 2.36a is expressed as a flow rate of sap per unit leaf 
area (FLA), whereas, for the case of the sap flow at root level, the flow rate was divided by 
the root cross-section at the sensor position (FRA). In order to allow a meaningful 
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comparison between the data from both sensors in terms of sap flow dynamics, the sap 
flow rates at stem and root level were normalised with respect to the maximum value 
measured. This yielded flow rates of sap expressed as a percentage of the maximum value, 
which could then be used in a scatter plot (Figure 2.36b). 
 
Figure 2.35: Detailed view of the soil compartment. A root of the beech tree was 
excavated for installation of a sap flow sensor. A second sap flow sensor was installed 
on the stem base of the young tree. 
 
The diurnal course of the root water uptake measured with the sap flow sensor on the 
beech root (FRA; Figure 2.36a) revealed a good agreement with stem sap flow (FLA). Both 
sap flow rates responded in a similar way to the step change in radiation; the PAR radiation 
being suddenly decreased from 175 to 35 µmol m-2 s-1 at 11.33 h and increased again at 
15.25 h. As for the sap flow dynamics (Figure 2.36b), no hysteresis was found and, hence, 
no significant time lag could be detected between stem and root sap flow. This result 
revealed that no important water storage pools were located between the stem base and the 
roots of the young tree. Therefore, it can be concluded that sap flow measured at the base 
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Figure 2.36: (a) A 1-day sample of the sap flow rate measured at stem and root level 
of a young beech tree (FLA and FRA expressed per unit leaf area and per unit of root 
cross-section respectively) and (b) the relationship between stem and root sap flow 
(FLA and FRA both expressed as percentage of the maximum value measured). The 
selected day was characterised by a step change in radiation (decrease in PAR from 
175 to 35 µmol m-2 s-1 from 11.33 h till 15.25 h). The dashed line represents the 1:1 
relationship. The coefficient of determination (R2) is also given. 
2.7.3 Sap flow dynamics and diameter fluctuation 
Water from internal storage pools is depleted whenever leaf transpiration (E) exceeds 
water uptake by the roots. This introduces time lags between E and the sap flow responses 
along the flow pathway in the xylem. Sap flow responses at lower heights are lagging 
behind the most (Section 2.7.1). Due to the change in water balance of the stem tissue, the 
stem diameter reveals daily shrinking and swelling. Here, in Section 2.7.3, an attempt is 
made to mathematically link the daily diameter fluctuation of the stem with the variation in 
its internal water storage. This is illustrated for the young oak tree for which sap flow 
measurements were already presented in Section 2.7.1. Noteworthy is that the same 
mathematical link holds for the young beech tree (Steppe and Lemeur, 2004) as will be 
demonstrated further in Chapter 3. 
 
Water storage was estimated by comparing the stem sap flow of the tree [F(stem) in mg 
H2O s-1, as measured with the sensor below the separation plate of the tree chamber] with 
the total sap flow towards the transpiring leaf surfaces [F(leaves)]. The FLA(branch) values 
(measured with the sensor positioned at branch ‘B’; Figure 2.29; Figure 2.33) were 
therefore scaled up to the total tree level by multiplying with the total leaf area of the tree 
(0.879 m2). The difference F(stem) – F(leaves) is represented in Figure 2.37a for a two-day 
sample period. It can be seen that the processes of water depletion (negative ordinates) and 
replenishment (positive ordinates) show a realistic pattern. The early morning consumption 
of stored water and the subsequent refilling during the evening are displayed by the 
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morning dip and the evening peak respectively. These phenomena are also revealed by the 
diurnal stem diameter shrinkage and subsequent swelling of the stem, as is shown in Figure 
2.37b for the young oak tree. In addition, no growth effects could be detected, as the 
measurements for the young oak tree were carried out towards the end of the growing  
season. 
 
Figure 2.37: (a) A 2-day sample of the depletion and replenishment (negative and 
positive ordinates respectively) of the total water storage in a young oak tree and (b) 
the corresponding stem diameter fluctuation (D) of the young tree. At the beginning of 
the measurements the diameter has been reset to zero. The change of the water 
storage in the above-ground tree part is determined from the difference between the 
total stem sap flow [F(stem)] and the total water loss by transpiration [upscaled 
transpiration rate estimated from branch sap flow towards the leaves, F(leaves)]. 
 
The total diurnal stem water storage capacity of the young oak tree was estimated by 
integrating the absolute values of the negative 5-min differences |F(stem) – F(leaves)|. The 
daily amount of water withdrawn from storage and subsequently replaced was estimated at 
12 g d-1 for the young oak tree. This meant a contribution of 3 % to the total daily 
transpiration. Goldstein et al. (1998) reported similar contributions to the total daily water 
loss of  9 to 15 %. This was observed in five tropical forest canopies for trees with a stem 
diameter ranging between 0.20 to 1.02 m. The measurements displayed in Figure 2.37a 
show that, although the absolute amount of water withdrawn from the internal reserves was 
limited in the young tree, the contribution to the total daily water loss is comparable with 
the values estimated for other tree species obtained in natural conditions (Schulze et al., 
1985; Tyree and Yang, 1990; Goldstein et al., 1998).  
 
One can also focus on the data obtained during the morning dips (data points around 6 h) 
and the evening peaks (data points around 20 h) by comparing the storage term 
F(stem) − F(leaves) with the rate of change in stem diameter (∆D/∆t). Figure 2.38 shows 
that for the non-steady-state conditions of the morning dips and the evening peaks, a good 
linear relationship exists between the rate of change in internal water storage and the rate 
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of change in stem diameter, without taking into account any time lag. Furthermore, the 
slope of the straight line, i.e. 919 mg µm-1, reveals the amount of internal water the tree 
could mobilise per µm of stem diameter fluctuation. Simonneau et al. (1993) reported a 
similar relationship between the rate of change in stem diameter and the rate of water 
accumulation or loss in the above-ground plant reservoirs of a 5-year-old peach tree, 
without having an important time lag (approximately 10 min). Génard et al. (2001) 
explained that such a slight time lag observed between the rate of change in the water 
storage compartment and the stem diameter could be due to the high radial hydraulic 
conductivity between storage compartments and the conductive xylem tissue.  
 
Figure 2.38: Detailed analysis of the change in water storage [F(stem) – F(leaves)] 
compared to the rate of change in stem diameter (∆D/∆t). Data points correspond to 
the morning dip around 6 h (i.e. diameter shrinkage corresponding to stored water 
depletion) and the evening peak around 20 h (i.e. diameter swelling corresponding to 
water replenishment) shown in Figure 2.37a. The coefficient of determination (R2) is 
also given.  
 
Zweifel et al. (2000) showed that changes in the stem radius of a Norway spruce [Picea 
abies (L.) Karst.] were linearly correlated with changes in the water content of the bark. 
They also proved that the bark was an important water storage site as long as the xylem 
water potential remained above –2.3 MPa. Moreover, Zweifel et al. (2001) stated that the 
rate of change in bark water content (= proportional to the measured stem radius) was 
equal to the difference between the water flowing into and out of the stem segment. This 
linear relationship is also shown in Figure 2.38. And although the observations of Sevanto 
et al. (2002) did not support the importance of phloem and bark as storage compartments 
in the stem of a Scots pine (Pinus sylvestris L.), the linear relationship found in Figure 2.38 
strongly suggested that the bark of the young oak did indeed serve as a water storage 
compartment, being hydraulically connected to the water in the xylem with a low radial 
resistance. The same conclusion holds for the young beech tree (Steppe and Lemeur, 
2004). This finding is also supported by the study of Herzog et al. (1995) for Norway 
∆D/∆t (µm s-1)
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spruce. These authors, as well as others, reported that the change in stem diameter resulted 
from depletion and refilling of its extensible tissues. 
2.8 Interpretation of LVDT measurements 
When measuring the diameter changes on the whole stem (i.e. over-bark), it must be kept 
in mind that the stem variations result from changes in both the living tissue of the stem 
(phloem, bark and cambium) and the mature xylem. Living tissue changes as a result of 
diurnal cycles of hydration whereas the mature xylem contracts and expands due to elastic 
deformations (Molz and Klepper, 1973; Irvine and Grace, 1997). A close connection to 
transpiration and the ascent of sap has been verified by separating xylem and whole stem 
contributions to the diameter variations (Irvine and Grace, 1997; Perämäki et al., 2001). 
Based on the elastic properties of wood, Irvine and Grace (1997) could quantitatively relate 
the changes in xylem diameter to the changes in sap pressure (tension). In particular, 
Perämäki et al. (2001) found that the xylem diameter variations followed the patterns of 
transpiration closely, which indicated that transpiration-induced tension was accurately 
reflected in the xylem diameter change of the stem. When measuring the whole stem 
diameter, this transpiration-induced tension is also transmitted to the living tissue outside 
the xylem. 
 
To study the xylem and whole stem contributions to the diameter variation, an experiment 
was carried out where separate diameter changes of the xylem and of the whole stem (i.e. 
over-bark) were measured at the stem base of both a young beech and a young oak tree. 
Figure 2.39 illustrates the LVDTs mounted on the stem of a young model tree, the lower 
one measuring the xylem diameter variations and the upper one the whole stem diameter 
fluctuations. For the xylem diameter measurements an area of about 1 cm2 of phloem, bark 
and cambium was removed. 
 
Figure 2.39: The arrangement of the LVDT sensors to measure both the xylem and the 
whole stem (i.e. over-bark) diameter variations of a young model tree 
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In Figure 2.40 the results of xylem and whole stem diameter changes are displayed for a 
young beech and oak tree with a stem diameter of 16.5 and 16.8 cm respectively. The 
maximum shrinkage in whole stem diameter was 4 and 6 times that of the xylem diameter 
for beech and oak respectively, indicating that for beech and oak respectively 25 and 15 % 
of the whole stem diameter change was due to changes in xylem and 75 and 85 % to the 
living tissue outside the xylem. This is in agreement with the few studies that compared 
both xylem and whole stem diameter changes. Molz and Klepper (1973) found in cotton 
that more than 90 % of the stem contraction occurred in the phloem and associated tissues 
external to the xylem. Neher (1993) showed that the xylem contributed about 30 % to the 
diameter variation of Monterey pine (Pinus radiata). Sevanto et al. (2002) indicated that 
almost one-third of the whole stem diameter change was attributed to changes in the 
xylem.   
 
Figure 2.40: A 1-day sample of the xylem (Di) and whole stem (D) diameter variations 
for a young beech tree (a) and a young oak tree (b). At the beginning of the 
measurements the diameter was reset to zero.  
 
The larger shrinkage in whole stem diameter compared to xylem indicates that the xylem is 
a more rigid material that contracts less than the elastic living tissue external to the xylem. 
Furthermore, the larger shrinkage of the whole stem diameter also results from water 
exchange between xylem and the outer tissue, as cells of the phloem, cambium and bark 
serve as storage pools of internal water (Zweifel et al., 2000). Whenever transpiration is 
larger than water uptake, stored water is indeed depleted from these internal water storage 
pool (Herzog et al., 1995). 
 
Sevanto et al. (2002) compared for Scots pine trees (Pinus sylvestris L.; stem diameter = 
13 cm) the time lags between diurnal xylem and whole stem diameter variations at 
different heights. These authors found that changes in whole stem diameter always lagged 
behind those of xylem stem diameter (30 to 110 min), and at all heights. Due to these large 
time lags, they did not support the importance of phloem and bark as storage pool, but 
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related the observed time lags and diameter variation to the transport of carbohydrates in 
the phloem (Sevanto et al., 2002, 2003). However, the results shown in Figure 2.40 do not 
display any time lag between xylem and whole stem diameter variation for both beech and 
oak. This observation strongly suggested that the water stored in the phloem and bark 
tissue is hydraulically connected to the water in the xylem (Zweifel and Häsler, 2001), and 
that the hydraulic conductivity between the water storage pools and the transpiration 
stream was high (a result that was also found in Section 2.7.3). In contrast with Sevanto et 
al. (2002, 2003), the results presented here support the importance of phloem and bark as 
storage pools from which water can easily move to the transpiration stream in the xylem. 
Therefore, it can be concluded that measuring over-bark diameters provides useful 
information about the diurnal depletion and refilling of the internal water storage pools for 
both the young beech and oak tree.   
2.9 Conclusions 
This chapter described an experimental system that was suitable for the fundamental 
analysis of the dynamic plant-water relations of young beech and oak trees subjected to 
variable microclimatic conditions. It was demonstrated how the microclimatic factors in 
the atmospheric and the soil environment around a young tree enclosed in the tree chamber 
could be influenced. The working principle of the physiological sensors used to study the 
responses of the young trees on imposed (abrupt) changes in the microclimate were 
discussed in detail. The importance of reliable measurements and, hence, sensor validation 
was underlined and illustrated. The difficulties encountered when trying to control the 
relative humidity in an atmosphere with transpiring leaves were discussed.  
 
As for the heat balance sap flow sensors, particular attention was paid to the heat storage 
problem and the correct determination of Ksh in order to obtain accurate estimates of sap 
flow rates. This is very important in order to obtain reliable experimental datasets needed 
for calibration and validation of the flow and storage model discussed in Chapter 3. An off-
line experiment was carried out to separate the influence of air temperature and sap flow 
rate on the change in stem temperature of heated stem segments. Through a case study it 
was illustrated that the daily pattern of the stem temperature indeed resulted from the 
combined effect of both the air temperature and the sap flow rate. The same case study also 
demonstrated that the heat storage term should be included in the heat balance, especially 
at low sap flow rates.  
 
The technical description of the experimental system was complemented by the detailed 
analysis of how the system could be used to improve our fundamental understanding of 
water transport in trees. Attention was drawn to some important points that could have 
introduced errors in the interpretation of sap flow dynamics (i.e. the slow response time of 
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the ‘branch bag − ADC H2O IRGA’ system and the difference in microclimate inside the 
branch bag and inside the tree chamber). Through typical examples the sap flow dynamics 
of young beech and oak trees were highlighted. This was done in terms of time delays 
between leaf transpiration and water uptake by the root system, and also by establishing a 
relationship between the change in internal water storage and the change in stem diameter. 
Finally, the importance of phloem and bark tissue as water storage pools was demonstrated 









Chapter 3 A mathematical flow and storage model 




Parts of this chapter have been presented at the Plant Biology 2003 Minisymposium 
‘In response to water’: 
 
Steppe, K. and Lemeur, R. (2003). Modelling the diurnal rhythm of water flow in 
young oak and beech trees. Book of abstracts for Plant Biology 2003, the annual 
meeting of the American Society of Plant Biologists, p 22. Honolulu, Hawaii, 
USA, July 25-30.   
 
 
Whereas Chapter 2 described an experimental system suitable for the analysis of sap flow 
dynamics and stem diameter variations of young trees, this chapter will focus on the 
mathematical and dynamic translation of observed sap flow and stem diameter variation 
results. In this respect, a flow and storage model will be discussed that simulates the sap 
flow and the stem diameter variation of young trees. Two different approaches will be 
highlighted, i.e. the hydraulic approach and the resistance-capacitance approach. Following 
a theoretical description and sensitivity analysis, the flow and storage model will be 
calibrated and validated for young beech and oak trees. At the end of this chapter, the 
beech and oak model trees will be compared in terms of their water flow dynamics and 
storage capacities, growth and hydraulic characteristics. This will be done at different 
moments throughout the growing season.   
3.1 Synthesis of dynamic sap flow results 
From Chapter 2 it was concluded that the sap flow in young beech and oak trees is very 
dynamic. When total leaf transpiration [estimated from sap flow measurements at branch 
level, E = F(leaves)] exceeded the total water uptake from the soil [estimated from sap 
flow measurements at the base of the stem, F(stem)], it was observed that a significant 
quantity of water was used from internal water storage pools. Replenishment of these 
storage pools occurs whenever F(stem) exceeds E. Such a change of the water balance of 
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tree tissues causes the stem diameter to fluctuate throughout the course of a day. A 
synthesis of the measurements performed in the tree chamber is shown in Figure 3.1.  
 
Figure 3.1: Synthesis of the sap flow dynamics of a young tree: (a) diurnal course of 
the transpiration rate (E), the sap flow rate at stem base [F(stem)] and the depletion 
rate of storage pools [f(pool)], and (b) contribution of internally stored water and soil 
water to the total transpiration during the morning hours. Whereas E and F(stem) 
were measured, f(pool) was calculated as the difference between F(stem) and E. 
 
From the moment the fluorescent lamps in the growth room are turned on, leaf 
transpiration responds immediately to the step change of the radiation level resulting in a 
steep increase of E. Within a certain time delay, this increase in E is followed by an 
increase in stem sap flow (15 min in Figure 3.1a). During this time delay, water from 
internal storage pools is used [f(pool)] in order to minimize the temporal imbalance that 
exists between water supply and demand. As such, the contribution of internally stored 
water to the total transpiration reached up to 100 % at the beginning of the day (Figure 
3.1b). As the morning hours proceed, both stored water and soil water contribute to the 
transpiration losses. The contribution of stored water gradually decreases, whereas the 
contribution of soil water increases until the soil water finally accounts for all the water 
that is lost by transpiration (Figure 3.1b). As such, around 9 h, a steady-state condition is 
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reached which continues during the remainder of the day. In the evening, when the lights 
are turned off, the reverse processes happen and the storage pools, which were depleted in 
the morning, become replenished again. This sequence of processes was observed every 
day. 
 
The water that was used from internal storage pools [f(pool)] originated from either the 
stem storage pool (i.e. the living part of the stem bark) or from all the other storage tissues 
in the young trees; these other storage locations will be henceforth referred to as the crown 
storage pool and include the leaves as well as the bark and the wood of the branches. The 
arrangement of the physiological sensors in the experimental system (i.e. a sap flow sensor 
at branch and stem level and a LVDT at stem level) allowed to distinguish between these 
two different internal water reservoirs: based on the measurements of the stem diameter 
variations, the stem storage pool could be separated from the crown storage pool. 
 
It was not until recently, that the sap flow dynamics of individual trees have been linked 
with the variations in stem diameter (Perämäki et al., 2001; Zweifel et al., 2001; Hölttä et 
al., 2002). These studies related for the first time the change of the stem diameter (∆D, m) 
with the change in stem volume [∆V, m3] and, hence, with the amount of water that can be 
exchanged between the storage pools and the transpiration stream. Therefore, different 
integrated forms (depending on the chosen geometry of the tree stem, i.e. a cylinder or a 
cone) of the following general relationship have been used (Zweifel et al., 2000): 
















1 ππ  ( 3.1 ) 
where D(h) is the stem diameter at height h (m) and htop is the tree height (m). It is 
noteworthy that Perämäki et al. (2001) measured the changes in xylem diameter of the 
stem in order to obtain direct estimates on the changes in xylem water tension; whereas 
Zweifel et al. (2001) measured whole stem diameter changes in order to investigate the 
role of the bark as a storage pool of water. Following the approach of Zweifel et al. (2001), 
whole stem (over-bark) diameter changes are used for modelling purposes in this study 
(Section 3.3). As was argued in Chapter 2, the amount of water in the bark of young beech 
and oak trees can be directly connected to the transpiration stream.  
 
The modelling approaches of Perämäki et al. (2001) and Zweifel et al. (2001) already 
provide a good insight in the sap flow dynamics of an individual tree. However, the link 
that they could establish with the stem diameter change only reflects the reversible 
component of the diameter variation, i.e. the diurnal fluctuation due to the imbalance 
between water uptake and water loss. From the measured results of the diameter variation 
shown in Chapter 2 (Section 2.4.3), it was concluded that the diameter of the stem also 
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increases due to an irreversible growth component. This ‘problem’ of growth can be 
eliminated by subtracting the linear growth curve (Figure 2.24) of the stem from the 
diameter variation to reveal the fluctuation due to the diurnal change in water balance 
(Sevanto et al., 2002). Although this approach is rather simple in use, the question arises 
whether this linear trend indeed represents the true growth curve of the stem and, hence, 
whether the true diurnal fluctuation in stem diameter can be revealed this way. To solve 
this question in a more fundamental way, it was opted to also model the growth 
component, in addition to the diurnal change in diameter due to differences in water 
balance. 
3.2 Review of existing water transport models 
The analysis of experimental data outlined in Section 3.1, revealed that the sap flow 
behaviour of young trees is dynamic and that this could be related to variations in stem 
diameter. To unravel the underlying mechanisms of these sap flow and stem diameter 
fluctuations, the necessity for a mathematical model arose. Such a model is an abstract 
representation of the real tree system, specifying information on its components and 
functional relationships. Mathematical formulation of these ideas then leads to a 
mathematical model that can be used to give quantitative answers to question on the young 
tree system’s behaviour with respect to water transport.  
 
Depending on the particular aspect of the real system that is relevant for a particular study, 
different mathematical ‘plant/tree-water flow’ models have been described in literature 
[see review by Jarvis et al. (1981) and Hunt et al. (1991)]. Whereas in some studies the 
‘plant/tree-water flow’ model represents only a subcompartment of a larger soil-plant-
atmosphere continuum model (SPAC); other studies focus solely on the simulation of the 
water flow dynamics through the individual plant or tree. Table 3.1 makes a distinction 
between both kinds of studies.  
 
Table 3.1 shows that the models can be divided into two major groups depending on 
whether they account for the water storage capacity of stems and leaves or not; i.e. whether 
they are dynamic or steady-state models. The decision of using either a dynamic or a 
steady-state ‘plant/tree-water flow’ model depends on the objective(s) of the study. Hunt et 
al. (1991) concluded that steady-state models, which include only resistances, are 
appropriate to predict total daily transpiration and water uptake by roots; whereas dynamic 
models, which use both hydraulic resistances and capacitances, are needed for the correct 
prediction of leaf water potential and the instantaneous rate of water uptake during diurnal 
variations of the transpiration rate. 
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Table 3.1: Literature review of different types of ‘plant/tree-water flow’ models. Each 
reference gives the purpose of the model, the plant material (when available from the 
original paper) and the type of model being used. 
Purpose of the model Reference Plant material Type of model  
Water transport in the 
plant as part of the 
SPAC 
Braud et al., 1995 
Cowan, 1965 
Saighi and Moyne, 1998 











Water transport in 
individual plants or 
trees 
Dauzat et al., 2001 
Edwards et al., 1986 
Hunt et al., 1991 
Jones, 1978 
Kowalik et al., 1997 
Landsberg et al., 1976 
Larcher, 2003 
Lhomme et al., 2001 
Milne and Young, 1985 
Phillips et al., 1997 
Tyree, 1988 
Tyree, 1997 
Van den Honert, 1948 
 
Coffee tree (Coffea arabica L.) 
Pinus contorta Dougl. 
Brittle bush (Encelia farinose) 
Wheat (Triticum aestivum L.) 
Beech (Fagus sylvatica L.) 
Apple tree 
– 
Holm oak (Quercus ilex) 
Sitka spruce 
Loblolly pine (Pinus taeda L.) 
White cedar (Thuja occidentalis L.) 
– 
– 
Branched dynamic  
Dynamic 
Steady-state and dynamic 










Water transport in 
individual trees, 
linked with stem 
diameter changes 
Hölttä et al., 2002 
Perämäki et al., 2001 
Zweifel et al., 2001 
Zweifel and Häsler, 2001
– 
Scots pine (Pinus sylvestris L.) 
Norway spruce (Picea abies (L.) Karst.






Within each group, the models can be further divided on how the catena (chain) of plant 
resistances to water flow is created (Figure 3.2). In the simple models, a plant is reduced to 
a single resistance element [a one-link catena; e.g. Jones (1978)] or an unbranched catena 
of a small number of resistance elements, e.g. root resistance, stem resistance and leaf 
resistance in series (e.g. Edwards et al., 1986; Figure 3.2c). In other models, the branching 
structure of the tree is explicitly taken into account. The tree is then reduced to a larger 
number of resistance elements arranged in a branched catena pattern (e.g. Tyree, 1997; 
Figure 3.2b). Steady-state branched catena models have successfully been used to compute 
xylem pressure profiles from the base of a (large) tree to a randomly selected twig in the 
crown by accounting for the hydraulic architecture or the ‘hydraulic map’ of the tree (e.g. 
Tyree, 1997; Tyree and Zimmermann, 2002). To create such a hydraulic map, the tree has 
to be subdivided into a number of segments, and for each segment information must be 
given for the number of connected segments, the diameter (without bark), the length, and 
the area of leaves attached to the segment. 
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Figure 3.2: (a) Diagrammatic representation of a tree, (b) the equivalent hydraulic 
map (= steady-state branched model) consisting of a network of hydraulic resistances, 
including resistances in the soil, the roots, the stem and the leaves, with transpiration 
being driven by the constant current generator E; (c) steady-state unbranched catena 
model with the complex branched pathway of (b) being represented as a series of 
hydraulic resistances in the soil (Rs), roots (Rr), stem (Rst) and leaves (Rl); (d) the 
dynamic equivalent of (c) including the capacitances (C) of the appropriate tissue 
(adapted from Jones, 1992). 
 
A hydraulic map is very much like a road map: the branches, along with their water flows, 
are like roads where vehicles move. The hydraulic map documents where the ‘road 
junctions’ are and informs about the length and diameter of the stems (roads) between the 
junctions. The hydraulic map also lists the amount of leaf area attached to the minor 
branches (roads) near the distal extremes of the crown. When this hydraulic map is 
extended to also include hydraulic capacitances, a dynamic branched catena model is 
obtained. For such a dynamic branched catena model consisting of 4107 stem segments, 
Tyree (1988) showed that the simulated results fitted the measured field variables 
somewhat better than those of its unbranched counterpart. However, as mentioned by 
Dauzat et al. (2001), a complete architectural description of plants, and especially (large) 
trees, is a difficult and labour-intensive task, which can be only undertaken on a limited 
number of plants. Furthermore, Jones (1992) pointed out that the complexity of such 
models often limits their value in understanding the underlying control processes. For these 
reasons, unbranched models are more commonly used to describe and understand the water 
transport process in plants and trees (Table 3.1). The literature review further revealed that, 
depending on the degree of detail that was required, the structure of unbranched models 
distinctly differed from each other. Whereas all models consisted of similar model 
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components (i.e. resistances and capacitances), the amount and arrangement of the 
components used to approximate the complex network of resistances and capacitances in 
the real plant or tree differed strongly from one model to the other.  
 
Finally, Table 3.1 distinguishes between models that only simulate the (dynamic) water 
transport in individual trees, and the ones that also link the water flow dynamics to the 
daily fluctuation in stem diameter. The specific position of the displacement sensor on the 
tree stem (i.e. on bark or on xylem) determines whether the model accounts for exchange 
of stored water between bark and transpiration stream (e.g. Zweifel et al., 2001) or not 
(e.g. Perämäki et al., 2001) 
 
Note that the model types referred to in Table 3.1 are all classified as mechanistic or grey-
box models [except for the model of Milne and Young (1985)]. This means that they are 
based on physical laws. This is in contrast with black-box models that are data-driven and 
based on empiricism rather than on fundamental laws [e.g. Milne and Young (1985), Aerts 
et al. (2004)]. Also this study opts for a mechanistic flow and storage model that relates 
over-bark stem diameter variations to dynamic ‘young tree-water’ relations. Such a model,  
based on physical and physiological relationships, also allows to unravel the underlying 
processes of sap flow dynamics and diameter variation. In addition to only a few existing 
models (only the last two literature references in Table 3.1), the new flow and storage 
model developed in this study also accounts for the growth component of the stem 
diameter variation. Furthermore, the model includes an additional hydraulic storage 
resistance, i.e. a resistance associated with the depletion and replenishment of internal 
water storage pools. As for the modelling of water flow and storage in trees, a choice can 
be made between an electrical circuit (e.g. Landsberg et al., 1976) or a hydraulic system 
(e.g. Zweifel et al. 2001) analogue. An attempt is made to evaluate and compare both 
approaches. A detailed description of the flow and storage model, considered as either a 
hydraulic system or an electrical circuit, is given in the next section. 
3.3 Theoretical description of two approaches for the flow 
and storage model 
In this section the development of a mechanistic flow and storage model is discussed that 
simulates the water relations and, hence, the water transport by bulk flow through young 
trees. The model takes into account the water storage capacity of extensible living tissues. 
Stem diameter variations are assumed to be the result of daily changes in water storage as 
well of changes in growth. In this respect a model was built consisting of two submodels: 
(1) a submodel for calculating the ‘young tree-water’ relations and (2) a submodel for 
predicting the stem diameter variation. For the first submodel, two different approaches are 
used, i.e. water flow and storage are modelled either as a hydraulic system (Section 3.3.2) 
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or as an electrical circuit (Section 3.3.3). For both approaches, the daily course of 
transpiration was used as the only input variable.  
3.3.1 General description of the flow and storage model 
For the purposes of this study, the flow and storage model for a tree is assumed to consist 
of two types of elements: storage compartments and flow path sections; the model being 
schematically depicted in Figure 3.3.  
 
Figure 3.3: Schematic illustration of a model for a tree. The model consists of two 
internal water storage compartments (pools for crown and stem), one external water 
source (soil pool) and two flow path sections [F(stem) and F(crown)]. The flow rates 
into and out of the stem (i.e. bark) and the crown storage pools are represented by 
f(stem) and f(crown) respectively. The symbol Ψ x(pool) refers to the water potential in 
the indicated xylem compartment, whereas Ψ s(pool) refers to the water potential in 
the indicated storage compartment. The water content of the stem and crown storage 
pool is represented by W(stem) and W(crown). The stem diameter D is also shown. 
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As for the storage compartments of the model, two internal water storage pools are defined 
(Figure 3.3): the crown storage pool (i.e. shoots without the stem plus the leaves) located at 
the top of the model tree and the elastic stem storage pool (i.e. the living part of the stem 
bark). The soil is considered as a non-limiting external water storage pool. As such, the 
effect of cavitation of water columns within the xylem of the tree can be ignored and a 
constant water content of the xylem can be assumed (Zweifel et al., 2001). As shown in 
Figure 3.3, the storage compartments are connected with each other by two flow path 
sections. One flow path [F(crown)] connects the two internal water storage pools, while 
the other [F(stem)] connects the stem storage pool with the soil. As explained in Chapter 1 
(Section 1.3.1), the transpiration rate (E) is the driving force for water transport in the trees 
and, therefore, daily courses of E are chosen as the input variable of the flow and storage 
model.  
 
As illustrated in Figure 3.3, transpiration affects at first the xylem water potential of the 
crown [Ψx(crown)]. Due to the initial decrease in Ψx(crown), a water potential difference 
develops in the xylem of the transpiring model tree which induces a water flow towards the 
upper part of the model tree [F(crown)]. In addition to the xylem water flow, water from 
the crown storage pool can also contribute directly to the transpiration stream. This is 
possible due to the hydraulic connection between stored water and xylem water. As water 
is withdrawn from the crown storage compartment, its water content [W(crown)] decreases 
and its water potential [Ψs(crown)] is lowered. This process will proceed until Ψx(crown) 
in the xylem compartment and Ψs(crown) in the storage compartment are in equilibrium. 
The tension developed in the xylem by transpiration is further transmitted through the stem 
of the young tree towards the roots. This results in two new water potential differences, i.e. 
one in the xylem between stem and roots and one between the xylem and the stem storage 
pool. Whereas the water potential difference in the xylem induces a vertical water flow in 
the lower flow section of the model tree [F(stem)], the water potential difference between 
xylem and bark causes a radial water flow from the stem storage compartment towards the 
xylem. As such, the water content of the living part of the stem bark [W(stem)] decreases 
and, consequently, the diameter D of the stem shrinks. The water potential of the stem 
storage pool [Ψs(stem)] is lowered as the stem tissue contracts. Just as was the case for the 
crown storage pool, this proceeds until the difference between Ψx(stem) and Ψs(stem) is 
zero. 
 
These ideas about flow and storage in a tree indicate that the model should consist of two 
submodels, i.e. a submodel to simulate the dynamic water relations in the tree and a 
submodel to link the changes in water balance of the stem tissue to the stem diameter 
variation. Whereas the submodel to predict the stem diameter variation relies on the 
biophysical model for stem and root diameter variation in woody plants developed by 
Génard et al. (2001), two different approaches are used to translate the conceptual ideas 
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about water relations into mathematical equations, i.e. the hydraulic approach and the 
resistance-capacitance approach. Both approaches are discussed in detail in the next two 
sections. 
3.3.2 Flow and storage model: the hydraulic approach 
3.3.2.1 Equations for the submodel ‘water relations’ 
For simulation of the water relations of a young tree, the hydraulic system approach 
proposed by Zweifel et al. (2001) is used and extended with an additional hydraulic 
resistance pathway associated with the depletion and replenishment of the internal water 
storage pools. An outline of the equations is presented in Box 3.1. 
 
Box 3.1 
Outline of the equations for the ‘water relations’ submodel:  
the hydraulic approach 
 
Figure 3.3 can be represented by the following hydraulic diagram: 
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Symbols and units 
• xylem (x) compartments and storage (s) compartments 
• pools are (crown), (stem) equivalent with bark and (roots) 
• water content stored in the storage compartment of a pool: W(pool) in mg 
• water potential in a storage compartment: Ψs(pool) in MPa 
• water potential in a xylem compartment: Ψx(pool) in MPa 
• water exchange between the xylem and the storage compartment of a pool: f(pool) in mg s-1 
• water flow into a xylem compartment: F(pool) in mg s-1 
• exchange resistance between a xylem and a storage compartment: Rs(pool) in MPa s mg-1 
• flow resistance in a xylem compartment: Rx(pool) in MPa s mg-1 
• position of the sap flow sensor [flow F(stem)] and measurement of the stem diameter (D): 1 
• position of the sap flow sensor for measurement of the transpiration rate E: 2 
Assumptions 
• Rx(stem) = Rx(crown) = Rx 
• Rs(stem) = Rs(crown) = Rs 
• F(stem) = F(roots) 
Basic flow equations 
• in a xylem compartment: 
 ( ) ( ) ( )x
xx rootsstemstem
R
F Ψ−Ψ−=  ( 3.2 ) 
 ( ) ( ) ( )x
xx stemcrowncrown
R
F Ψ−Ψ−=  ( 3.3 ) 
• between the xylem and storage compartment of a pool: 
 ( ) ( ) ( )s
sx poolpoolpool
R
f Ψ−Ψ=  ( 3.4 ) 




pooldpool =  ( 3.5 ) 
• out of a xylem compartment: 
 ( ) ( )crowncrown fFE −=  ( 3.6 ) 
 ( ) ( ) ( )stemstemcrown fFF −=  ( 3.7 ) 
Derived water potential equation 
• xylem water potential: 
 ( ) ( ) ( )pool
d
pooldpool ssx Ψ+×=Ψ R
t
W  ( 3.8 ) 
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Derived flow equations 
• water exchange between the xylem and the crown storage compartment: 




crownd  ( 3.9 ) 





crownd  ( 3.10 ) 









−Ψ−Ψ=  ( 3.11 ) 
• water exchange between the xylem and the stem storage compartment: 




W −=  ( 3.12 ) 







W Ψ−Ψ−Ψ−Ψ=  ( 3.13 ) 





W Ψ+Ψ−Ψ=  ( 3.14 ) 









Ψ+Ψ−Ψ=  ( 3.15 ) 







































R  ( 3.16 ) 
Desorption curve (Zweifel et al., 2001) 
• relationship between the total water potential in a storage compartment and its water content: 

















 ( 3.17 ) 
 with ( )poolsminΨ : lowest water potential of the storage compartment when W(pool) → 0; 
   k1(pool):      amount of stored water at the inflection point; 
   k2(pool):      index for the rate of change of Ψs(pool) at the inflection point. 
 
 
Whereas Box 3.1 presents the equations defining the ‘water relations’ submodel for the 
hydraulic approach, the text below will comment on these equations and assumptions.  
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Assumptions 
From the experimental evidence in Section 2.7.2, it was concluded that no important water 
storage pools were located between the stem base and the roots of a young model tree. 
Therefore, in this study, F(stem) is set equal to F(roots) and, hence, f(roots) is neglected in 
the flow and storage model.  
 
In accordance with Zweifel et al. (2001), it is assumed that the two flow path sections 
[F(stem) and F(crown)] for vertical water transport in the xylem have an equal flow 
resistance Rx. Hence, half of the total flow resistance of the xylem path from roots to leaves 
is attributed to the stem and half of it to the crown. This somewhat arbitrary choice might 
be justified as follows. Knowing that the vessel diameters in an individual branch are 
smaller than those in the stem yielding a higher xylem resistance against flow [see equation 
of Hagen-Poiseuille, Eq. (1.8)], the higher resistance in one branch is compensated by the 
number of branches positioned on the stem. Therefore, the total resistance of the whole 
crown will be smaller than that of its individual branches and, as such, the total resistance 
of the crown might be equal to the total flow resistance of the stem.  
 
Also the exchange resistance between the xylem and the storage compartment of the stem 
and the crown [Rs] is assumed to be equal. This assumption relies on the fact that the 
exchange resistance for both storage compartments is related to a virtual membrane 
representing the membranes and cell walls of several cell layers separating the xylem from 
the respective storage pool (see Section 3.3.2.2). Because of the lack of knowledge on 
these resistances and to limit the number of model parameters, it is assumed in this study 
that the virtual membrane resistance is similar for both the stem and the crown. 
Basic flow equations 
The mathematical description of the vertical transport of water in the xylem flow path 
sections is based on the van den Honert’s equation (Section 1.4.1.1; Tyree, 1998; Zweifel 
et al., 2001). As the osmotic potential of the xylary sap can be assumed negligible (Jones, 
1992; Nobel, 1999), the water potentials in the xylem compartments are entirely 
determined by their negative pressure potential component. 
 
In Chapter 2 (Section 2.7.3 and Section 2.8), it was shown that stored water in the bark of 
the stem is hydraulically connected to the xylem water flow. Due to this hydraulic 
connection, water in storage pools can directly contribute to the daily transpiration 
(Zweifel and Häsler, 2001). However, as expressed by Eq. (3.4), the speed of this 
contribution depends on the magnitude of the hydraulic exchange resistance (Rs) which has 
to be overcome whenever water needs to flow from the storage compartments towards the 
xylem in order to equilibrate the imbalance between water supply and demand during the 
day (Lhomme et al., 2001). 
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The flow out of a xylem compartment can be derived from the water mass balance 
equation. Note also that the flow rate in and out of a storage compartment is equivalent to 
the first derivative of the water content of the storage pool [Eq. (3.5)]. As such, values of 
f(pool) are negative when water is withdrawn from the storage pool and positive when the 
storage pool is refilled with water. 
Derived flow equations 
To implement the ‘water relations’ submodel in the software package WEST (see Section 
3.4), some rewriting of the basic flow equations was necessary. Starting from Eq. (3.5) and 
using the expression for the xylem water potential [Eq. (3.8)], two differential equations 
[Eq. (3.11) and Eq. (3.15)] were obtained, of which the latter was rewritten in terms of 
storage water potentials, yielding Eq. (3.16). Note from Eq. (3.8) that the xylem water 
potential Ψx(pool) (next to the respective storage compartment) equals the water potential 
of the storage compartment Ψs(pool) when the hydraulic storage resistance is zero. 
Desorption curve 
In addition to the input variable E and 3 parameters [Rx, Rs and Ψx(roots)], Eq. (3.16) 
depends on the water potential of the storage pools [Ψs(pool)]. Thus, to be able to solve 
this equation one needs an expression to calculate these storage water potentials. Following 
the approach of Zweifel et al. (2001) a desorption curve is used for this purpose. 
 
A desorption curve directly relates the water potential of the storage pool to the water 
content of the storage pool. For young Norway spruce trees [Picea abies (L.) Karst.], 
Zweifel et al. (2000) experimentally demonstrated that a desorption curve can be expressed 
by Eq. (3.17). A hypothetical desorption curve, illustrating all its components, is depicted 
in Figure 3.4. 
 
To investigate whether the proposed desorption curve of Zweifel et al. (2001) was also 
valid for the model purposes in this study, an off-line experiment, similar to that of Zweifel 
et al. (2000), was performed after the sap flow experiments in the growth room were 
finished. The off-line experiment was performed twice, once for the beech tree and once 
for the oak tree. The stem of the tree was cut into segments before the lights went on, thus 
when Ψx(stem) was the highest. The length of the cut stem segments (5 stem segments per 
tree) was approximately 10 cm. The initial weight (W0) of each of the 5 stem segments was 
measured with a precision balance (Type B310S, Sartorius Technology, Belgium). 
Assuming a homogeneous Ψx(stem) along the stem and assuming that Ψx(stem) = 
Ψs(stem) [this being true if the hydraulic storage resistance is very low, Eq. (3.8)], the 
starting values of Ψx(stem) and, hence, Ψs(stem) were measured on branch segments of the 
trees (10 branch segments per tree) immediately after cutting using the pressure chamber 
(PMS Instrument Company, USA). The theory of the pressure chamber and the principle 
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of operation are described in detail in Steppe and Lemeur (2003a). A concise description of 
how negative xylem pressures can be measured with the pressure chamber is presented in 
Chapter 1 (Box 1.1). Whereas the stem segments used for weight measurements had two 
cut surfaces, the branch segments were cut at one side only. Therefore, the branch pieces 
were useful for the application of Scholander’s approach for water potential measurements 
(Scholander et al., 1965). 
 
Figure 3.4: Hypothetical desorption curve illustrating its components. W(pool) is the 
available water content of the storage tissue, Ψ s(pool) is the water potential of the 
storage tissue, k1(pool) is the amount of stored water at the inflection point, k2(pool) is 
an index for the rate of change of Ψ s(pool) at the inflection point and )pool(Ψ smin  is 
the minimum water potential of the storage compartment [adapted from Zweifel et al. 
(2001)]. 
 
The stem and branch segments were then air-dried for 12 h in the growth room. In a first 
attempt the air-drying experiment was carried out at a mean relative air humidity of 60 % 
and at an air temperature of 20 °C. As air-drying of both the stem and branch segments 
under these conditions occurred too fast and Ψs(stem) decreased very steeply (especially at 
the beginning of the measurements) the experiment was repeated, this time keeping the 
relative humidity at 95 % using two ultrasonic air humidifiers (BONECO ultrasonic). 
During 12 h, the weight loss (W) of the 5 stem segments and the water potential Ψs(stem) 
of the 10 branch segments were measured simultaneously. During the first 4 h, Ψs(stem) 
and W were manually measured at approximately 20 min intervals. The recording 
frequency was then reduced to 1 measurement per hour. After the air-drying period of 
12 h, the final W was measured on each of the 5 stem segments and used to normalise the 
data of weight loss with respect to the air-dry weight of the segments. Assuming a 
cylindrical shape for the stem segments with a bark thickness of 1 mm, the initial water 
content of the stem storage compartment (i.e. the bark) was calculated and used to 
determine the change in stem storage water content as function of the stem storage water 
W(pool) (mg)
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potential. The parameters in Eq. (3.17) were estimated by non-linear least squares 
regression [ ( )stemsminΨ  = –2.4 MPa, k1(stem) = 3712 and k2(stem) = 36 for the beech stem 
segments and ( )stemsminΨ  = –2.0 MPa, k1(stem) = 3731 and k2(stem) = 49 for the oak stem 
segments], yielding the desorption curves depicted in Figure 3.5.  
 
Figure 3.5: Desorption curve for a mean stem segment for (a) the beech tree and (b) 
the oak tree. The desorption curve function [Eq. (3.17)] is fitted to the measurements. 
The bi-directional error bars on the measurements are indicated. The coefficients of 
determination (R²) are also given. 
 
For the stem storage pool (i.e. bark), Figure 3.5 reveals that for both young tree species the 
relationship (3.17) was able to describe the experimental data well. Following the 
suggestions of Zweifel et al. (2000), it might be assumed that most of the water evaporated 
through the cross-sectioned areas of the stem segments during the air-drying experiment 
was simultaneously replaced by water withdrawn from the bark. As illustrated in Figure 
3.6 water from the phloem can reach the xylem through wood rays and also by crossing the 
cambium (symplastic and apoplastic) and entering the vessels through the pits. 
 
Figure 3.6: Illustration of the air-drying of a stem segment. Water flows from the bark 
(phloem) into the xylem and evaporates through the cut ends [adapted from Zweifel et 
al. (2000)].  
 
W(stem) (mg)























R² = 0.9253 
R² = 0.9703 
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The radial water flow through the xylem enabled rapid transport of water from the bark 
towards the centre of the stem and also to the cut ends. Due to this water transport from the 
bark into the xylem, it is plausible that the vessels remained water-filled despite the 
lowered water content of the entire stem segment (Zweifel et al., 2000).  
 
For the stem storage compartment the desorption curve of Zweifel et al. (2000) was found 
to be valid. As these authors showed that the same relationship also holds for the crown 
storage pool, it was opted in this study, and in accordance with Zweifel et al. (2001), to use 
the same function [Eq. (3.17)] for both storage compartments (stem and crown) in order to 
estimate the water potential of the respective storage pools, but with different parameters 
k1(pool), k2(pool) and (pool)sminΨ .  
 
Once the water potentials of the storage pools are known, the water exchange between the 
xylem and the stem storage pool can be estimated [Eq. (3.16)]. This result can then be used 
to calculate the xylem water potential of the stem [Eq. (3.8)] which, in turn, allows 
calculation of the water exchange between the xylem and the crown storage pool [Eq. 
(3.11)]. Using f(crown), the xylem water potential of the crown can be determined [Eq. 
(3.8)], which finally allows to estimate the flow rates in both flow path sections, i.e. 
F(stem) and F(crown) [Eqs. (3.2) and (3.3) respectively]. 
 
By solving these equations the water relations of the young model tree are characterised. A 
next step in the hydraulic flow and storage model is relating the water flow dynamics to the 
diameter variation of the stem. This is discussed in detail in the next section. 
3.3.2.2 Equations for the submodel ‘stem diameter variation’ 
The distinction made between the crown and the stem (i.e. bark) storage pool in the ‘water 
relations’ submodel allows to relate the water flow in and out of the stem storage 
compartment to stem diameter variation. The diurnal diameter variation is caused by the 
recurrent shrinking and swelling of the bark storage tissue and is a function of the changing 
levels of hydration. In addition to that, diameter variation also depends on growth. Water 
influx into cells leads to irreversible changes in volume if it is accompanied by cell wall 
extension. The most widely used model of cell expansion was developed by Lockhart 
(1965). According to this model, cell expansion can be described using cell turgor pressure 
(i.e. positive pressure potential), cell wall extensibility and turgor pressure at which wall 
yielding occurs. 
 
The ‘stem diameter variation’ submodel is based on the biophysical model for stem and 
root diameter variation in woody plants developed by Génard et al. (2001). As far as 
known, this is the first time, this model is used in sap flow modelling for a whole tree. The 
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‘stem diameter variation’ submodel is developed to simulate the stem diameter variation 
resulting from both changes in water storage and growth. In accordance with Génard et al. 
(2001) the stem is modelled using two coaxial cylinders separated by a membrane (see Box 
3.2). It is assumed that the xylem forms a continuous rigid cylinder bound by an outer ring 
composed of different extensible tissues (bark = phloem, cambium and parenchyma). The 
external cylinder is considered as the storage compartment, leading to swelling and 
shrinking with the radial water flux from and to the xylem. The external cylinder behaves 
as an artificial single cell, separated from the xylem by a virtual membrane. The virtual 
membrane represents the membranes and cell walls of several cell layers leading to cell-to-
cell and apoplastic water flow between the ‘single cell’ and the xylem (Génard et al., 
2001). The ‘single cell’ approach makes it possible to simplify the theoretical analysis and 
to clarify the relationships between basic mechanisms. An outline of the equations of this 
submodel is presented in Box 3.2. 
 
Box 3.2 
Outline of the equations for the ‘stem diameter variation’ submodel 
 
The geometry of the stem can be represented by the following diagram: 
 
Symbols and units 
• length of the stem segment: l in m 
• outer diameter of the stem segment: D in m 
• inner diameter of the stem segment: Di in m 
• thickness of the storage compartment: ds in m 
• volume of the storage compartment: Vs in m3 
• volume of water in the stem storage compartment: V(stem) in m3 
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• density of water: ρw (= 1 × 109 mg m-3) 
• bulk elastic modulus of living tissue in relation to reversible dimensional changes (water 
storage): ε in MPa 
• extensibility of cell walls in relation to non-reversible dimensional changes (growth of 
tissue): φ in MPa-1 s-1 
• total water potential of the xylem compartment: Ψx in MPa 
• total water potential of the storage compartment resulting from osmotic ( sπΨ ) and pressure 
( spΨ ) components: Ψs in MPa 
• critical value for the pressure component ( spΨ ) which must be exceeded for producing 
(positive) growth in the storage compartment: Γ in MPa 
• radial hydraulic conductivity of the virtual membrane separating the stem storage 
compartment from the xylem compartment: L in m MPa-1 s-1 
• surface of the virtual membrane: A in m2 
• reflection coefficient of the virtual membrane to the solutes in the xylary sap: σr  
Basic equations: geometry of the stem 




−=  ( 3.18 ) 
• volume of the storage compartment: 
 ( )2i2s 4 DDlV −= π  ( 3.19 ) 
 assuming ds is small compared to Di: 
 lDdV s i
s π≅  ( 3.20 ) 
Derived (black box) equations 
• relation between the thickness of the storage compartment (ds) and the outer diameter (D): 
 ( )Dbad -e1s −=  ( 3.21 ) 
• relation between the change in pressure potential ( spΨ ) of the storage compartment and the 










p ×=Ψ ε  ( 3.22 ) 
• elastic modulus (ε) is proportional (ε0) to the product of the outer diameter and the pressure 
potential spΨ : 
 sp0 Ψ= Dεε  ( 3.23 ) 
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• the relative volume change of the storage compartment (growth) depends on the pressure 
potential ( spΨ ) when a critical value (Γ) is exceeded: 







                        when  spΨ  ≤  Γ  ( 3.25 ) 
Equations for stem diameter variation 






d is the result of an elastic (el) 

















d  ( 3.26 ) 
• first term: assume inner diameter does not change 
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d2 ss ×=  




d2 sps Ψ×= ε  







s Ψ×Ψ= ε  ( 3.27 ) 





















 Eq. (3.21) yields        ( )sdabdD −= 1dd s  























 Eq. (3.24)                                   ( )Γ−Ψ= sps φd  
















D                                    when spΨ  ≤  Γ ( 3.29 ) 
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• governing equations for the stem diameter variation: 
















ε        when 
s












s Ψ×Ψ= ε                                          when 
s
pΨ  ≤  Γ ( 3.31 ) 






















d si −=  ( 3.33 ) 
Equations for the pressure component spΨ  
• the gravimetric weight change dW(stem)/dt due to water exchange with the stem storage 
compartment is proportional to the change in water volume dV(stem)/dt: 









ρ=  ( 3.34 ) 
• it is assumed that the change in water volume due to water exchange is equal to the volume 
change of the storage compartment: 








stemd s=  ( 3.35 ) 








stemd sρ=  




d sps Ψ×= ερ  







s Ψ×Ψ= ερ  ( 3.36 ) 















 ( 3.37 ) 
• the osmotic component ( sπΨ ) can be found from the total water potential ( sΨ ) once the 
pressure component is known: 
 sp
ss
π Ψ−Ψ=Ψ  ( 3.38 ) 
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Equation for the exchange resistance Rs 
• flow of water between xylem and stem storage compartment can be derived from 
nonequilibrium thermodynamics: 









p ππ σσ Ψ−Ψ−Ψ+Ψ= LAt
V  ( 3.39 ) 
with  lDA iπ=  
• it is assumed that the reflection coefficient σr = 1 
or                            ( ) ( ) ( )[ ]stemstem
d
stemd sx Ψ−Ψ= LA
t
V  ( 3.40 ) 
Eq. (3.34)               ( ) ( ) ( )[ ]stemstem
d
stemd sx Ψ−Ψ= LA
t
W
wρ  ( 3.41) 







1=  ( 3.42 ) 
 
Basic equations: geometry of the stem 
The approximation of the volume of the storage compartment in Eq. (3.20) is necessary to 
simplify further analyses of the ‘stem diameter variation’ submodel. This approximation 
was carried out in accordance with Génard et al. (2001), who showed that the error 
resulting from this simplified equation was always less than 10 %. 
Derived (black box) equations and equations for stem diameter variation 
The empirical relationship between the thickness of the storage compartment and the outer 
stem diameter [Eq. (3.21)] was introduced in the model in order to allow the calculation of 
the growth component of the diameter variation [second term; Eq. (3.28)]. This empirical 
relation was copied from the study of Génard et al. (2001) and relies on the fact that the 
thickness of extensible tissues increases with the diameter of the organ, as was shown for 
apple stems by Huguet (1985). By measuring the thickness of extensible tissues on three 
peach cultivars Génard et al. (2001) could estimate the allometric parameters a and b 
through a non-linear regression procedure; their estimated values being 2.968 × 10-3 m and 
32 m-1 respectively. These authors found that the three peach cultivars followed the same 
general curve. To test whether the assumed relationship and related parameter values were 
also valid for the young beech and oak trees in this study, the value of D was measured and 
used to compute ds by means of Eq. (3.21). This calculation revealed that ds approximated 
the measured thickness of the storage tissue very well for both beech and oak. Hence, it 
was concluded that the proposed relationship of Génard et al. (2001) is adequate for 
predicting the thickness of ds in the flow and storage model. 
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In addition to the empirical relationship [Eq. (3.21)], an expression for the change in 
thickness ds of the stem storage compartment was needed to allow computation of the 
growth component (the growth component being based on an algebraic equivalence). 
Therefore, the inner diameter Di was considered to be constant compared with ds for plastic 
growth on a small time scale (e.g. hourly basis); plastic growth being the permanent 
deformation in the dimension of the stem diameter components. The most widely used 
model for irreversible plastic growth was developed by Lockhart (1965) and is described 
by both Eqs. (3.24) and (3.25). These equations express that the relative volume change 
(i.e. growth rate) of the storage compartment is driven by the positive pressure potential 
when a critical or threshold value Γ is exceeded. The proportionality constant is defined as 
the cell wall extensibility φ which depends on the physical properties of the cell wall.  
Therefore, irreversible cell expansion (plastic growth) is a pressure potential driven process 
believed to be controlled by the physical properties of the primary cell wall (Lambers, 
1998).    
 
To be able to calculate the elastic component of the diameter variation [first term; Eq. 
(3.27)], a relationship between the change in pressure potential of the storage compartment 
and the relative elastic change of the storage compartment volume [Eq. (3.22)] was needed 
(Nobel, 1999). This relationship describes the amount by which a small change in volume 
brings about a change in pressure potential, and introduces the bulk elastic modulus ε. This 
elastic modulus expresses the elasticity of the cell walls, i.e. a greater elasticity of cell 
walls is given by a smaller elastic modulus (Lambers, 1998). It is observed that the elastic 
modulus increases with pressure potential and cell size (Tyree and Jarvis, 1982) and 
reaches an asymptotic value for both high pressure potentials and cell sizes. However, in 
accordance with Génard et al. (2001), a linear relationship was assumed in this study to 
relate ε  to the pressure potential component and the outer diameter of the stem [Eq. 
(3.23)]. This was done for the sake of simplification, and also to limit the number of model 
parameters.  
Equations for the pressure potential component 
To finally incorporate growth in the ‘stem diameter variation’ submodel, an expression for 
the pressure potential component of the stem storage compartment (i.e. turgor component) 
was required in order to solve Eqs. (3.30) and (3.31). From the assumption that the change 
in water volume due to water exchange between the xylem and the stem storage 
compartment is equal to the volume change of the storage compartment [Eq. (3.35)] it 
could be deduced that the change in pressure potential results from the flow of water in and 
out of the stem storage compartment [Eq. (3.37)]. Depending on the value of the pressure 
potential component in the stem storage compartment, the growth component is then either 
included or disregarded in the calculation of the stem diameter D [Eqs. (3.30) and (3.31)]. 
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Noteworthy is that Eq. (3.37) establishes the direct link between the ‘water relation’ 
submodel and the ‘stem diameter variation’ submodel.  
Equation for the exchange resistance 
It is shown that Eq. (3.4) for the stem storage compartment is the simplified form of Eq. 
(3.39) derived from nonequilibrium thermodynamics (Katchalsky and Curran, 1965). 
Therefore, it was assumed that the reflection coefficient σr was equal to 1. This high 
reflection coefficient could be assumed for the ‘single cell’ model of the stem presented in 
this study. The reason for this is that the virtual membrane separating the xylem from the 
storage compartment is composed of several layers leading to possible symplastic and/or 
apoplastic water flow. The reflection coefficient of the apoplast is usually close to 0, 
whereas along the cell-to-cell path the presence of the membrane leads to a reflection 
coefficient close to 1 (Steudle, 2000). The overall tissue reflection will then be between 0 
and 1. As in the ‘single cell’ submodel most of the water has to cross the cell membrane 
(Génard et al., 2001), the assumption of a reflection coefficient equal to 1 is justified in 
this study.  
 
Identification of Eq. (3.4) from Eq. (3.41) revealed that the hydraulic exchange resistance 
Rs is inversely proportional to the radial hydraulic conductivity L of the membrane 
separating the storage compartment from the xylem compartment.  
Concluding remark 
The hydraulic flow and storage model described in Section 3.3.2.1 and in this section 
forms a system of algebraic and differential equations which can be solved numerically 
with given daily courses of E as the only input variable and with initial conditions for the 
derived state variables and estimated values for the parameters. A summarizing overview 
of all the equations finally implemented in the software package WEST is given in 
Section 3.4. 
3.3.3 Flow and storage model: the RC approach 
To compare the hydraulic approach of the flow and storage model as described above with 
the resistance-capacitance or RC approach, an electrical circuit was designed consisting of 
the same model elements as the hydraulic system, i.e. storage pools and flow path sections. 
A diagram of Figure 3.3 in terms of an electrical circuit is presented in Box 3.3 together 
with the equations for this model. 
 
It is important to note that the RC approach only alters the ‘water relations’ submodel of 
the flow and storage model. As such, the equations defined in Section 3.3.2.2 for the ‘stem 
diameter variation’ submodel remain valid and, hence, remain unchanged. Similar to the 
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hydraulic approach (Section 3.3.2.1), the mass flow rate of water in and out of the stem 
(i.e. bark) storage pool [f(stem)] is fed as input data to the ‘stem diameter variation’ 
submodel, with this difference that f(stem) is now obtained using the RC approach to 
simulate the water relations of the young tree. Due to this input triggering Eq. (3.37), the 
‘stem diameter variation’ submodel simulates the fluctuation of the stem diameter as the 
result of changes in both water storage and growth.  
 
Box 3.3 
Outline of the equations for the ‘water relations’ submodel:  
the RC approach 
 
Figure 3.3 can be represented by the following electrical diagram: 
 
Symbols and units 
• xylem (x) compartments and storage (s) compartments 
• pools are (crown), (stem) equivalent with bark and (roots) 
• water content stored in the storage compartment of a pool: W(pool) in mg 
• water potential in a storage compartment: Ψs(pool) in MPa 
• water potential in a xylem compartment: Ψx(pool) in MPa 
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• water exchange between the xylem and the storage compartment of a pool: f(pool) in mg s-1 
• water flow into a xylem compartment: F(pool) in mg s-1 
• exchange resistance between a xylem and a storage compartment: Rs(pool) in MPa s mg-1 
• flow resistance in a xylem compartment: Rx(pool) in MPa s mg-1 
• capacitance of the storage compartment of a pool: C(pool) in mg MPa-1 
• position of the sap flow sensor [flow F(stem)] and measurement of the stem diameter (D): 1 
• position of the sap flow sensor for measurement of the transpiration rate E: 2 
Assumptions 
• Rx(stem) = Rx(crown) = Rx 
• Rs(stem) = Rs(crown) = Rs 
• F(stem) = F(roots) 
• Ψx(roots) = Ψ(soil) 
Basic flow equations 
• out of a xylem compartment: 
 ( ) ( )crowncrown fFE −=  ( 3.43 ) 
 ( ) ( ) ( )stemstemcrown fFF −=  ( 3.44 ) 
• in a xylem compartment: 
 ( ) ( ) ( ) xxx stemstemroots RF=Ψ−Ψ  ( 3.45 ) 
 ( ) ( ) ( ) xxx crowncrownstem RF=Ψ−Ψ  ( 3.46 ) 
• between the xylem and storage compartment of a pool: 
 ( ) ( ) ( ) ssx poolpoolpool Rf=Ψ−Ψ   ( 3.47 ) 




pooldpool =  ( 3.48 ) 
Capacitance  
• capacitance of the storage compartment of a pool: 
 ( ) ( )( )poold
pooldpool Ψ=
WC  ( 3.49 ) 
Desorption curve 
• relationship between the total water potential in a storage compartment and its water content: 
 ( ) ( ) ( )( )pool
poolrootspool xs
C
W+Ψ=Ψ  ( 3.50 ) 
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Assumptions 
In addition to the first 3 assumptions also made for the hydraulic approach of the flow and 
storage model and discussed in Section 3.3.2.1, it was assumed that the water potential of 
the xylem root compartment was equal to the soil water potential. Being aware that the 
young tree can withdraw water from the soil only when the water potential of its fine roots 
is more negative than that of the soil solution in its immediate surrounding, this 
approximation was justified by the fact that the flow and storage model aimed at 
simulating the physiological processes occurring inside the young tree (i.e. from the  xylem 
root compartment and higher) rather than describing the effects on the tree physiology of 
changes in external microclimatic variables like the soil water potential. Furthermore, all 
simulations were always started at the end of the night, making the assumption of equal 
water potentials valid, because at that time of the day Ψx(crown) = Ψx(stem) = Ψx(roots) = 
Ψx(soil) (Nobel, 1999); the reason for this being that transpiration is zero and, hence, no 
potential gradients are present throughout the SPAC. Furthermore, from some 
representative values for water potentials in the SPAC reported by Nobel (1999), it was 
found that the water potential of the xylem of roots was only slightly lower (i.e. more 
negative) than that of the soil adjacent to it (–0.6 MPa versus –0.5 MPa respectively). As 
such, it can be concluded that the equality Ψx(roots) = Ψ(soil) might be used as a first 
approximation in this study. The assumption that Ψx(roots) equals Ψ(soil) inherently 
implies that the root resistance Rx(root) approximates zero. Note, however, that the 
difference in water potential between roots and soil increases when air gaps are present; 
this being caused by an increase in root resistance due to bad root-soil contact. 
Basic and derived flow equations 
As for the ‘water relations’ submodel relying on the RC approach, some of the equations 
described in Section 3.3.2.1 needed to be replaced by new ones, while others remained 
unaltered. As shown in the diagram of Box 3.3, the RC model consists of the same storage 
pools (i.e. crown and stem storage pool) and flow path sections [i.e. F(stem) and F(crown)] 
as those defined for the hydraulic flow and storage model. The basic flow equations are 
obtained by applying Kirchhoff’s current law to the junctions or nodes in the circuit, 
whereby the flow rates are assumed as being analogue to the traditional currents in an 
electrical network [Eqs. (3.43) and (3.44)] and by using Ohm’s law to solve the electrical 
network [Eqs. (3.45) (3.46) and (3.47)].  
 
Comparison of these equations with the ones found for the hydraulic approach reveals that 
the basic flow equations are identical. As such, the two differential equation dW(crown)/dt 
[Eq. (3.11)] and dW(stem)/dt [Eq. (3.16)] can be deduced in the same way as described in 
Box 3.1 (Section 3.3.2.1). 
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Capacitance and desorption curve 
So far, no changes were needed for the ‘water relations’ model by using the RC approach. 
However, one important difference does exists between both approaches as the water 
potentials of the storage pools are calculated differently. Whereas in the hydraulic 
approach a desorption curve was used for this purpose [Eq. (3.17); Figure 3.4], a constant 
capacitance is now used for the RC approach. To define this capacitance, one should be 
aware that the flow between the xylem and the storage compartment of a pool is equivalent 
to the first derivative of its water content [Eq. (3.48)]. Note that for this case f(pool) is 
analogue to the intensity of the current flowing in an electrical circuit and that W(pool) 
corresponds to the total charge on the capacitor. According to the laws of traditional 
electricity, it is possible to define the capacitances of the circuit by Eq. (3.50). Noteworthy 
is that this function directly relates the total water potential in the storage pool [Ψs(pool)] 
to its water content [W(pool)]. As such, this equation can be interpreted as a desorption 
curve, but in contrast with the one proposed by Zweifel et al. (2000, 2001), it now 
represents a straight line of which the slope corresponds to the inverse of the capacitance.  
 
In this respect, the capacitance of the storage tissue can also be defined as the ratio of the 
change in the amount of water (volume or mass) present in the storage tissue to the change 
in water potential of the tissue [Eq. (3.49); Jarvis et al., 1981; Jones, 1992; Hunt et al., 
1991]. Thus, using this definition, the capacitance of storage tissues can be determined as 
the inverse of the slope of the curve that expresses the relationship between Ψs(pool) and 
W(pool). Applying Eq. (3.49) to the non-linear desorption curves shown in Figure 3.4 and 
Figure 3.5 reveals that the capacitance is not constant, whereas in case of Eq. (3.50) a 
constant value is assumed. In this respect, the RC approach differs from the hydraulic 
approach for the ‘water relations’ submodel. The effect of this difference on the simulated 
results of the water relations and the variation in stem diameter will be discussed in 
Section 3.5.   
Concluding remark 
The set of algebraic and differential equations for the RC approach of the flow and storage 
model is quite similar to that of the hydraulic approach. The important difference between 
both approaches is the different way the water potentials of the storage pools are 
calculated. A summarizing overview of the equations finally implemented in the software 
package WEST is given in the next section. 
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3.4 Model implementation in WEST 
A schematic and summarizing overview of the flow and storage model is depicted in 
Figure 3.7.  
 
Figure 3.7: Schematic overview for both approaches of the flow and storage model 
 
The equations outlined in this scheme were implemented in the modelling and simulation 
software package WEST (WEST standing for Wastewater treatment plant Engine for 
Simulation and Training). Originally this software was developed for modelling and 
simulation of biological wastewater treatment systems. However, WEST can be used for 
any kind of process that can be described as a structured collection of algebraic and 
differential equations. A short outline of WEST as it was used for the modelling and 
simulation of the flow and storage model is given below. For detailed information on 
WEST and all its features the reader is referred to Vanhooren et al. (2003).  
 
The algebraic and differential equations of the flow and storage model (Figure 3.7), 
together with their physical units, parameter values and initial conditions (for the derived 
state variables) were implemented in the (C++) MSL-EXEC language of WEST. After 
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compilation of the (C++) MSL-EXEC code, a compiled library was produced. This library 
could then be loaded in the experimentation environment of WEST for further use. During 
this process, the experimentation environment queries the library for symbolic information. 
Examples of such symbolic information are the model structure as well as the parameter 
and variable listing (Figure 3.8). In this listing, the unit and the value of each parameter 
and variable can be found together with their lower and upper bounds. For the derived state 
variables the initial condition is also available. Parameter values and initial conditions can 
be changed without recompiling the model. 
 
Figure 3.8: The WEST experimentation environment, showing the parameter and 
variable listing of the model 
 
In the experimentation environment of WEST (Figure 3.8) different types of experiments 
can be performed on the compiled model (i.e. simulation, optimisation, sensitivity analysis 
and optimal experimental design). As such, the experimentation environment forms the 
interface between the model and the user. For the purpose of this study, the simulation 
experiment and the optimisation experiment were used. 
 
Simulation involves solving the differential and algebraic equations of the model. In 
WEST different solvers are available for performing this task. For simulating both 
approaches of the flow and storage model (i.e. hydraulic and RC), a fourth-order Runge-
Kutta numerical integrator with variable step size was selected (integrator settings: 
accuracy = 1×10-6 and maximum step size = 0.1). During simulation the trajectory of the 
variables, given the parameter values and the initial conditions, is calculated for a specified 
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time interval. The data generated by the solver can then be used for plotting (Figure 3.9) or 
can be written to a text-file. 
 
Figure 3.9: Plots of the simulation data (blue lines) generated by the solver of WEST 
for the flow rate at stem base [F(stem) in top graph] and the stem diameter variation 
(D in the bottom graph). The true measured data (red dots) are also plotted for 
comparison. 
 
The optimisation experiment of WEST was used to calibrate both approaches of the flow 
and storage model (i.e. hydraulic and RC). In this type of experiment, selected model 
parameters are varied by a search algorithm to minimise the distance between a simulated 
trajectory and a given (measured) trajectory. For this study, the simplex search algorithm 
developed by Nelder and Mead (1965) was selected as minimisation algorithm. The 
distance measure was selected to be the weighted sum of squares of the difference between 
measured and simulated values. A more comprehensive description of how WEST was 
used to estimate the parameters for both approaches of the flow and storage model is given 
in Section 3.7. 
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3.5 Theoretical comparison of ‘HydGro’ and ‘RCGro’ 
Whereas Sections 3.3 and 3.4 described the model equations and their implementation in 
WEST, this section aims at comparing the effect of either the hydraulic and the RC 
approach (in the flow and storage model) on the simulated water relations of a model tree 
and the related variations in stem diameter. In this respect, the compiled flow and storage 
models were used. Henceforth, these models are referred to as ‘HydGro’ or ‘RCGro’ if the 
hydraulic or the RC approach respectively was adopted for the ‘water relations’ submodel 
and where ‘Gro’ stands for growth. By selecting the simulation experiment in WEST, 
values for the parameters and initial conditions of the differential equations could be 
defined along with the input for the model. 
3.5.1 Initial conditions and parameterisation 
To run the models, initial values were needed for D, Di, ds, spΨ , W(stem) and W(crown). 
The value for the stem diameter (D) was measured with a sliding calliper at the height 
where the LVDT sensor was positioned. The initial values for Di and ds could then be 
calculated using Eqs. (3.18) and (3.21) respectively. Using the approach of Génard et al. 
(2001), the initial value for the pressure potential (i.e. turgor component) in the stem 
storage compartment ( spΨ ) was approximated from the data measured during the night 
preceding the data set used for simulation. At this time of the day it can be assumed that 
the water potential of the storage compartment [Ψs(stem)] is equal to the xylem water 
potential [Ψx(stem)], which, in turn, is equal to the xylem water potential in the roots 
[Ψx(roots)] and the water potential in the soil [Ψ(soil)] (Nobel, 1999). For this case, one 
can write: 
 ( ) ( ) ( ) ( )soilrootsstemstem 0tx 0ts 0tx 0t ==== Ψ=Ψ=Ψ=Ψ  ( 3.51 ) 
Under these conditions, the pressure potential in the stem storage compartment can be 
assumed to be proportional to the water potential of the stem xylem as shown by Fanjul 
and Rosher (1984) for apple leaves: 
 [ ])0( spxx 0tsp =ΨΨ−Ψ=Ψ =β                   for the stem at t = 0 ( 3.52 ) 
where β is an empirical parameter that will be estimated in the calibration procedure and 
)0( sp
x =ΨΨ  is the water potential of the stem xylem for which the zero pressure potential 
in the storage compartment was reached. Similar to Génard et al. (2001), the value given 
by Fanjul and Rosher (1984) for apple leaves under well-watered conditions (–2.9 MPa) 
was used in this study for )0( sp
x =ΨΨ . For ( )stemx 0t=Ψ , the value of ( )rootsx 0t=Ψ  was 
used which could be estimated from the soil water potential data measured during the night 
[Eq. (3.51)]. A typical value for ( )soil0t=Ψ  was –0.01 MPa. 
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The initial value for the stem storage water content [W(stem)] was approximated from the 
geometry of the stem. For an initial stem diameter, the volume of the storage compartment 
(Vs) was calculated using Eq. (3.20). However, as Vs constitutes of water plus cell material, 
it was assumed that only a certain percentage of Vs was taken in by water [e.g. Perämäki et 
al. (2001) and Tyree (1988) suggested 50 %], which led to an initial guess for W(stem). 
The initial value of the crown storage water content [W(crown)] was calculated from 
measurements of the fresh mass and the oven-dry mass of the leaves after the experiments 
on the young tree were finished.  
 
For the theoretical comparison of the ‘HydGro’ and the ‘RCGro’ model, two typical days 
of transpiration as depicted in Figure 3.1 were used as input. The parameterisation of both 
models is listed in Table 3.2a and 3.2b. 
 
Table 3.2a: Parameter values used to run ‘HydGro’ and ‘RCGro’ for theoretical 
comparison. The unit and definition of each parameter is also given. 
Name Unit Value Model Definition 
( )stemsminΨ  MPa –3 HydGro Minimum water potential of the stem storage compartment 
 k1(stem) mg 18100 HydGro Amount of stored stem water at the inflection 
point 
 k2(stem) – 150 HydGro Index for the rate of change of Ψs(stem) at the 
inflection point 
( )crownsminΨ  MPa –4 HydGro Minimum water potential of the crown storage compartment 
 k1(crown) mg 28500 HydGro Same as k1(stem) but for the crown 
 k2(crown) – 300 HydGro Same as k2(stem) but for the crown 
 C(stem) mg MPa-1 525 RCGro Capacitance of the stem storage compartment 
 C(crown) mg MPa-1 660 RCGro Capacitance of the crown storage compartment 
 Rx MPa s mg-1 0.324 HydGro and RCGro Xylem resistance along the water flow path 
 Ψx(roots) MPa –0.005 HydGro and RCGro Xylem water potential at root level 
 L m MPa-1 s-1 1.035 × 10-4 HydGro and RCGro Hydraulic conductivity of the membrane 
separating storage compartment from xylem 
 l m 1 HydGro and RCGro Length of the stem segment 
 φ MPa-1 s-1 6.5 × 10-7 HydGro and RCGro Extensibility of the cell walls 
 Γ MPa 0.9 HydGro and RCGro Wall-yielding threshold pressure 
 ε0 m-1 1026 HydGro and RCGro Elastic modulus parameter 
 a m 2.968 × 10-3 HydGro and RCGro Allometric parameter 
 b m-1 32 HydGro and RCGro Allometric parameter 
 β – 0.34 HydGro and RCGro Empirical parameter for the initial condition of 
the pressure potential in the storage pool spΨ  
)0( sp
x =ΨΨ  MPa –2.9 HydGro and RCGro Water potential of the xylem for which a zero 
pressure potential in the storage pool was reached 
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Table 3.2b: Initial conditions used to run ‘HydGro’ and ‘RCGro’ for theoretical 
comparison. The unit and definition of each initial condition is also given. 
Name Unit Value Model Definition 
 D m 0.0165 HydGro and RCGro Outer diameter of the stem segment 
 Di m 0.0141 HydGro and RCGro Inner diameter of the stem segment 
 ds m 0.0012 HydGro and RCGro Thickness of the storage compartment 
s
pΨ  MPa 0.9843 HydGro and RCGro Pressure potential in the storage compartment 
(i.e. turgor component) 
 W(stem) mg 30000 HydGro Water content of the stem storage compartment 
 W(crown) mg 18830 HydGro Water content of the crown storage compartment 
 
The parameterisation of the ‘stem diameter variation’ submodel followed that presented by 
Génard et al. (2001). For the ‘water relations’ submodel of ‘HydGro’, the parameters relied 
on those presented by Zweifel et al. (2001), whereas those of ‘RCGro’ [i.e. C(stem) and 
C(crown)] were selected in such a way that the ‘RCGro’ simulations of F(stem) and D 
visually fitted those obtained with ‘HydGro’ in the best possible way. 
3.5.2 Comparison of the two approaches for the ‘water relations’ 
submodel 
Using the parameter values and initial conditions listed in Table 3.2a and 3.2b, both the 
‘HydGro’ and the ‘RCGro’ model were used to simulate two consecutive days with as only 
input the course of E (Figure 3.1). In Figure 3.10 the resulting water flow rates are shown. 
 
Figure 3.10a illustrates the differences in dynamic behaviour of F(stem) for both models. 
Whereas the diurnal courses of this variable obtained with ‘RCGro’ were integrally shifted 
over a small distance to the right compared to E, the output of ‘HydGro’ showed a longer 
time delay in the morning and then reached the maximum transpiration rate very fast. The 
same result was observed during the evening: the decrease in F(stem) obtained with 
‘HydGro’ was slower compared to that of ‘RCGro’.  
 
This difference in F(stem) behaviour was further reflected by a different depletion and 
replenishment pattern of the stem and the crown storage pool (Figure 3.10b and Figure 
3.10c respectively). It can be seen that the depletion and replenishment of the internal 
water storage pools obtained with ‘RCGro’ was more symmetric, whereas the ‘HydGro’ 
model showed a steep decrease in f(stem) and f(crown) in the morning, while a more 
prolonged refilling occurred during the evening. Identification of both models from 
experimental data will reveal the model which describes reality best. Note that the 
distinction made between crown and stem as water storage pools in both models allows to 
evaluate the separate contributions of stored stem and crown water to the daily 
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transpiration; this not being possible when only measurements of E and F(stem) are used 
(Section 3.1; Figure 3.1).  
 
Figure 3.10: Comparison of the model output obtained with ‘HydGro’ and ‘RCGro’ 
for (a) the flow rate at the stem base [F(stem)], (b) the flow rate in and out of the stem 
storage pool [f(stem)] and (c) the flow rate in and out of the crown storage pool 
[f(crown)]. The input E is also shown.  
 
To gain more insight in the reason why both models produced different flow rate outputs, it 
is necessary to have a look at the simulated courses of W(stem) and W(crown) on the one 
hand and Ψs(stem) and Ψs(crown) on the other (Figure 3.11). 
 
As for the water potential of the storage pools, no distinction could be made between the 
outputs obtained with both models (Figure 3.11c). The diurnal courses of stored water 
content, on the contrary, revealed different dynamics. Whereas for ‘RCGro’ the water 
content remained constant during the night, a remarkable refilling of the stem and crown 
storage pool was found for ‘HydGro’. This different response should be interpreted in 
terms of capacitance. As defined in Section 3.3.3, the capacitance can be inferred from the 
slope of the desorption curve, which expresses the relationship between the total water 
potential in the storage compartment and its water content. In this respect, the simulated 
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3.11a and Figure 3.11b for stem and crown respectively. The resulting desorption curves 
are depicted in Figure 3.12. 
 
Figure 3.11: Comparison of the model output obtained with ‘HydGro’ and ‘RCGro’ 
for (a) the water content of the stem storage pool [W(stem)], (b) the water content of 
the crown storage pool [W(crown)] and (c) the water potential of the stem and crown 
storage pool. 
Figure 3.12: Desorption curves for (a) the stem storage pool and (b) the crown 
storage pool. The straight line represents the desorption curve used by ‘RCGro’, while 
the curved line represents the desorption curve used by ‘HydGro’. The thin curved 
line shows the entire desorption curve of which the bold part was only used during the 
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Figure 3.12 reveals interesting results. While the capacitance of the storage pools was 
constant in case of ‘RCGro’ (i.e. inverse of the slope of the straight line), it varied during 
the day in case of ‘HydGro’. From these curves, it could be concluded that at nearly zero 
water potentials, the water content of the storage pool strongly increased for every small 
step change in water potential in case of ‘HydGro’. For ‘RCGro’ the change in water 
content was constant irrespective of the absolute magnitude of Ψs(pool).  
 
Furthermore, Figure 3.12 shows that for Ψs(pool) equal to –0.3 MPa and lower, the bended 
desorption curve could be replaced by a straight line. As the slope of this line was steeper 
compared to that of ‘RCGro’, the capacitance of the storage tissues was lower. As such, 
during the daytime, ‘HydGro’ used lower capacitance values for the storage tissue than 
‘RCGro’. On the contrary, larger capacitances compared to ‘RCGro’ were used during 
morning and evening periods [Ψs(pool) close to zero], meaning that more water could be 
withdrawn (or refilled) from the storage pool per unit pressure drop than what was possible 
for the ‘RCGro’ model. 
 
Jones (1992) showed some typical examples of relationships between Ψ and tissue water 
content (data from Slatyer, 1960; Jones, 1978; Jones and Higgs, 1980 and Nobel and 
Jordan, 1983) to illustrate that these curves are generally non-linear. Discussing these non-
linear curves, Jones (1992) concluded that it is often possible to approximate the 
capacitance of tissues by a constant value when considering only the relevant physiological 
range instead of the whole range of water potentials for which these curves generally are 
measured. Also Hunt et al. (1991) remarked that, although the slope of the desorption 
curve (i.e. pressure-volume curve) is not constant throughout its entire range, the slope of 
the curve can be approximated by a constant value when considering only the range of 
relative water content (RWC) from 0.95 to 0.8 (and thus ignoring the initial slope of the 
curve); RWC being defined as W(pool)/W0(pool) where W0(pool) is the water content at 
Ψs(pool) = 0 MPa. These authors further remarked that constant plant capacitances may be 
used as a first approximation for modelling the diurnal water flow in plants, as most of the 
measured Ψ in the field are usually within the 0.95-0.8 range of RWC. However, the 
results presented in Figure 3.12 clearly show that the constant capacitance that should be 
used as a first approximation is not the one obtained from the desorption curve itself, e.g. 
by interconnecting all the data points for Ψs(pool) equal to –0.3 MPa and lower [the value 
of –0.3 MPa is chosen in such a way that the initial slope of the curve is excluded as was 
suggested by Hunt et al. (1991)]. This would lead to an underestimation of the capacitance 
value. Instead, the capacitance should be estimated as the inverse of the slope of the 
straight line bridging the entire range of water content used by the ‘HydGro’ model.    
 
It can be concluded that the differences in simulation results (Figure 3.10 and Figure 3.11) 
completely depend on the choice of how the capacitance of the storage tissue is defined. 
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Which choice is finally the best, and whether a constant capacitance indeed can be used for 
modelling water transport in young trees as proposed by Hunt et al. (1991), will be 
revealed in the section on model calibration (Section 3.7).  
3.5.3 Comparison of the two approaches for the ‘stem diameter 
variation’ submodel 
So far, simulated results of the ‘water relations’ submodel were discussed. In this section 
attention is paid to the simulated outputs obtained with the ‘stem diameter variation’ 
submodel. To be able to interpret the simulation result of the stem diameter variation 
shown in Figure 3.13b, the variation in pressure potential (i.e. turgor) of the stem storage 
compartment [ (stem)spΨ ] is also presented.    
 
Figure 3.13: Comparison of the model output obtained with ‘HydGro’ and ‘RCGro’ 
for (a) the pressure potential of the stem storage compartment [ )stem(spΨ ] and (b) 
the stem diameter (D). The dotted line in (a) represents the wall-yielding threshold 
pressure (Γ). The variation in stem diameter without growth (NG = No Growth) is 
also plotted for comparison (φ = 0). 
 
Figure 3.13b shows the diameter variation of the stem resulting from changes in water 
storage and growth. Although the same parameterisation of the ‘stem diameter variation’ 
submodel was used for ‘RCGro’ and ‘HydGro’ (Table 3.2a and 3.2b), different dynamics 
in stem diameter simulation were revealed. At the beginning of each night, growth of D 
was higher for ‘RCGro’ than for ‘HydGro’. In order to explain this, one must look at the 
variation in (stem)spΨ (Figure 3.13a). The pressure potential (stem)spΨ , which is the driving 

































Wall-yielding threshold pressure Γ 
p 
  A mathematical flow and storage model for water transport in young trees 131 
rate; growth being proportional to spΨ − Γ [Eq. (3.30)]. The fast increase in (stem)spΨ  was, 
in turn, caused by the fast inflow of water in the stem storage pool when using ‘RCGro’ 
(Figure 3.11a). As such, the difference in simulation of the stem diameter using either 
model was explained through the direct link of the ‘stem diameter variation’ submodel 
with the ‘water relations’ submodel. For the latter submodel the rate of water flowing in 
and out of the storage pool depends on the type of desorption curve that is used (i.e. a 
straight line for ‘RCGro’ or a bended curve for ‘HydGro’).  
 
Figure 3.13b additionally shows the daily diameter fluctuation without considering the 
variation resulting from growth. This was done to point out the difference between the 
newly developed flow and storage model presented in this chapter and other existing 
models for simulating sap flow related to stem diameter variations (Perämäki et al., 2001 
and Zweifel et al., 2001). For this purpose, the extensibility of cell walls φ was set to 0. 
Hence, the stem diameter variation is only driven by the changes in stored water content, 
i.e. the water flow in and out of the stem storage compartment. Thus, this result would be 
obtained when one applied either the original model developed by Zweifel et al. (2001) or 
the model described in Section 3.3.2.1, setting the hydraulic exchange resistance parameter 
Rs to 0.  
 
At this point, it is appropriate to address the general idea about growth curves. As shown in 
Chapter 2 (Section 2.4.3.1) the growth curve is often assumed to be a straight curve 
interconnecting the diameter maxima displayed at the end of each nighttime period. As 
such, one would expect that the daily fluctuation of the stem diameter due to changes in 
water storage can be revealed by subtracting this linear trend from the original measured 
data (Sevanto et al., 2002). However, Figure 3.13b clearly demonstrates that this 
assumption is not always valid. In the presented example, growth only occurred during the 
night when spΨ  > Γ. As such, subtracting the trend line from the simulated diameter 
variation would lead to a wrong picture for the diurnal fluctuation during the day due to 
water storage. One would find that the diameter continues to shrink during the whole 
daytime period, whereas in reality the diameter remains constant due to steady-state flow 
conditions. Moreover, severe problems would arise when one further tries to relate these 
‘corrected’ diameter fluctuations to the water flow pattern in the tree. In this respect, it can 
be concluded that the newly developed flow and storage model, will, when properly 
calibrated, describe real measured data more accurate than the ones already described in 
literature.  
3.6 Sensitivity analysis of the flow and storage model 
So far, the model equations and outputs of the ‘HydGro’ and ‘RCGro’ model were 
discussed. The next step is the identification of both models from experimental data (i.e. 
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model calibration), whereby parameters will be estimated. As listed in Table 3.2a, the 
‘HydGro’ model uses 17 parameters, whereas ‘RCGro’ is characterised by 13 parameters. 
In addition, the ‘HydGro’ model needs initial conditions for 3 derived state variables [i.e. 
D, W(stem) and W(crown)], whereas ‘RCGro’ requires only one initial condition (i.e. D). 
As this list is quite long, a subset of model parameters was selected for final estimation. In 
order to select a valuable subset, a sensitivity analysis was carried out for both approaches 
of the flow and storage model. 
3.6.1 Sensitivity and sensitivity measure 
To be identifiable, a parameter has to fulfil two conditions. Firstly, the model output has to 
be sufficiently sensitive to changes of this parameter. Secondly, changes in the model 
output due to changes in this parameter may not be cancelled by changes in other 
parameters, i.e. the parameters may not be highly correlated (Brun et al., 2002; Dochain 
and Vanrolleghem, 2001). Similar to Brun et al. (2002), a sensitivity measure δmeas was 
used to address the first condition. The value of δmeas allows to asses the relative 
importance of individual parameters on the model output in order to establish as such a 
parameter ranking. In this respect, the sensitivity Si was calculated as follows: 
 
( ) ( )







S  ( 3.53 ) 
where yi is the output of the model variable at a certain time i, θ  is the parameter value and 
∆θ is the perturbation of the parameter. The perturbation factor was chosen to be 10 % of 
the parameter value. The above sensitivity expresses, in terms of percentage, the mean 
deviation of the model output from the reference one [yi(θ)]. Based on this sensitivity, the 









1δ  ( 3.54 ) 
where N is the number of data points. The value of δmeas measures the mean sensitivity of 
the model output to a change of the parameter θ. A high δmeas means that the value of the 
parameter θ has an important influence on the simulation result. A value of zero means that 
the simulation result does not depend on this parameter. This way, ranking of the 
parameters becomes possible. During the sensitivity calculations for F(stem), numerical 
errors resulted due to the very low simulated sap flow rates at night giving rise to 
unrealistic high values of Si and δmeas. To solve this problem, an appropriate filter was 
designed defining that Si had to be calculated only when the simulation output was above a 
threshold sap flow rate (i.e. 0.01 mg s-1). The reasoning behind this is that it is not useful 
any more to calculate Si when the simulated sap flow is lower than a value that can be 
physically measured with the respective sensor.  
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To study the correlation between parameters, and to address as such the second condition 
stated above, the sensitivities Si [Eq. (3.53)] were plotted and visually compared. 
Parameters were assumed to be highly correlated when their sensitivities were nearly 
proportional (Dochain and Vanrolleghem, 2001). When parameters were found to be 
highly correlated, one or more of the correlated parameters were given an assumed value 
(e.g. a value from literature), which facilitated the estimation of the remaining parameters.  
 
To calibrate the ‘HydGro’ and RCGro’ model, two measured variables were used, i.e. the 
sap flow rate at stem base [F(stem)] and the stem diameter variation (D) (Section 3.7). To 
select the dominant subset of parameters, ranking of all parameters for both variables was 
carried out. This was complemented with a study on parameter correlation. The results are 
presented in the next two sections. 
3.6.2 Sensitivity analysis of ‘HydGro’ 
Based on the parameter values listed in Table 3.2a, the parameter sensitivities of F(stem) 
and D were computed. In order to identify the parameters that drive most of the variability 
in the model output, the sensitivity measure δmeas was calculated for all parameters. In 
Table 3.3, the importance ranking of the parameters and initial conditions is listed. 
 
From Table 3.3 it can be seen that k2(crown) and k2(stem) are the most important 
parameters influencing the output of F(stem) followed by Ψx(roots) and Rx. From the 
model equations, it is known that k2(pool) determines the slope of the desorption curve 
and, hence, the capacitance of the storage compartment. The sensitivity analysis, as such, 
reveals that F(stem) is sensitive to both the capacitance of the crown and the stem storage 
compartment. Also the xylem resistance of the flow path (Rx) seems to play an important 
role. As for the other parameters, F(stem) is less sensitive to insensitive, meaning that 
these parameters can be fixed without greatly influencing the output of F(stem).  
 
Based on the value of their sensitivity measure δmeas, the sensitivity of D to the parameters 
can be divided into 4 groups (superscripts a to d in column 4 of Table 3.3). The first 2 
parameters of group (a) represent the initial conditions of the derived state variables D and 
W(stem). Their high sensitivity measures indicate that the initial stem diameter of the 
young tree must be carefully measured, and that the initial guess for W(stem) is very 
important for a correct simulation of D. The first 2 parameters of group (b) 
[ )0( sp
x =ΨΨ and β] are both used to calculate the initial condition of the pressure potential 
s
pΨ . Due to their high place in the ranking, they have a strong effect on D. This also 
indicates that the initial condition of the pressure potential is very important to correctly 
predict the actual stem diameter variation. Furthermore, the wall-yielding threshold 
pressure Γ is highly ranked. When the pressure potential of the storage compartment 
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exceeds Γ, the cell wall extensibility also plays its role, be it in a lesser extent as can be 
seen from group (c). For the remaining parameters (group d), D was found to be 
insensitive. 
 
Table 3.3: Importance ranking of the parameters and the initial conditions for the 
variables F(stem) and D  in the ‘HydGro’ model. The superscripts a to d in column 4 
refer to the different groups as discussed in the text. 
Parameter δmeas for F(stem) Parameter δmeas for D 
k2(crown) 2.93795 D (t=0) 10.02453a 
k2(stem) 1.30670 W(stem) (t=0) 2.74165a 
Ψx(roots) 0.90158 k1(stem) 2.61678a 
Rx 0.89654 )0( sp
x =ΨΨ  0.31011b 
( )crownsminΨ  0.18451 β 0.30947b 
( )stemsminΨ  0.03163 Γ 0.27181b 
D (t=0) 0.00130 k2(stem) 0.07403c 
L 0.00124 W(crown) (t=0) 0.04878c 
l 0.00124 k1(crown) 0.04837c 
a 0.00021 φ 0.04559c 
b 0.00016 ( )stemsminΨ  0.01866d 
W(stem) (t=0) 0.00004 Rx 0.01316d 
k1(stem) 0.00004 k2(crown) 0.01121d 
)0( sp
x =ΨΨ  0.00003 l 0.00960d 
β 0.00003 a 0.00916d 
Γ 0.00003 ε0 0.00902d 
φ 0.00001 b 0.00627d 
ε0 0.00000 Ψx(roots) 0.00467d 
W(crown) (t=0) 0.00000 ( )crownsminΨ  0.00123d 
k1(crown) 0.00000 L 0.00000d 
 
To reveal correlations between parameters, the sensitivities S as defined by Eq. (3.53) were 
studied. In Figure 3.14, possible correlation between parameters is illustrated by means of 
an example. For this example, the initial condition W(stem) (t = 0) and the parameters 
k1(stem) and k2(stem) were chosen. All three parameters are related to the desorption curve 
of the stem storage pool.  
 
Figure 3.14 reveals that the parameter k1(stem) is for one hundred percent negatively 
correlated with the initial condition W(stem) (t = 0), whereas neither of them showed 
correlation with k2(stem). In case of the highly correlated parameters k1(stem) and 
W(stem) (t = 0), problems arose when both parameters were used for parameter estimation. 
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A change in one parameter could be compensated almost completely by a proportional 
shift in the other, still producing a satisfying fit between experimental data and model 
predictions. 
 
Figure 3.14: Illustration of the sensitivity S of the model output D to the initial 
conditions W(stem) (t=0) and the parameters k1(stem) and k2(stem) in order to reveal 
correlations between parameters. Sensitivity S is calculated from Eq. (3.53) and is 
plotted for 1 day. 
 
In addition, the numerical algorithm that performed the non-linear parameter estimation 
(Section 3.7) showed poor convergence when faced with this type of ill-conditioned 
optimisation problem (Dochain and Vanrolleghem, 2001). Consequently, the estimated 
parameters could vary over a broad range and little physical interpretation could be given 
to the parameter values obtained. To facilitate the parameter estimation of k1(stem) in this 
particular case, the parameter W(stem) (t = 0) was given an assumed value, calculated as 
described in Section 3.5.1. Note that the estimation of k1(stem) is then conditional on the 
assumed value of W(stem) (t = 0). This scheme was adopted for the entire estimation 
problem, i.e. the sensitivity analysis was used to identify correlations between all highly 
ranked parameters shown in Table 3.3. Parameters that were highly correlated were 
uncoupled by giving one of them a meaningful value (like was done in the example above). 
As such, the troublesome parameter was eliminated from the parameter set to be estimated. 
Finally, one subset of parameters was obtained which were all identifiable and, hence, 
could be estimated with a high level of accuracy (Section 3.6.4). 
3.6.3 Sensitivity analysis of ‘RCGro’ 
As was done for the ‘HydGro’ model, a ranking of the 13 parameters and the initial 
conditions of the derived state variables was established. This showed the parameters 
and/or initial conditions to which the variables D and F(stem) were most sensitive. The 
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Table 3.4: Importance ranking of the parameters and the initial conditions for the 
variables F(stem) and D in the ‘RCGro’ model 
Parameter δmeas for F(stem) Parameter δmeas for D 
Rx 1.78089 D (t=0) 10.02796 
C(crown) 1.29869 )0( sp
x =ΨΨ  0.26964 
C(stem) 0.48026 β 0.26918 
L 0.00177 Γ 0.23480 
l 0.00177 φ 0.03577 
b 0.00160 l 0.01456 
a 0.00159 Rx 0.01446 
D (t=0) 0.00144 C(stem) 0.01444 
)0( sp
x =ΨΨ  0.00136 W(stem) (t=0) 0.01162 
β 0.00136 b 0.00100 
Γ 0.00119 ε0 0.00207 
φ 0.00000 a 0.00187 
W(stem) (t=0) 0.00000 Ψx(roots) 0.00045 
ε0 0.00000 C(crown) 0.00033 
Ψx(roots) 0.00000 W(crown) (t=0) 0.00004 
W(crown) (t=0) 0.00000 L 0.00000 
 
Comparison of this ranking with the one presented in Table 3.3 reveals similar 
conclusions. Table 3.4 shows that the xylem resistance Rx contributes most to the 
sensitivity of F(stem). Similar to the ‘HydGro’ model, for which a high sensitivity was 
found of F(stem) to k2(stem) and k2(crown) (both related to the capacitance of the storage 
compartment), F(stem) is now in a similar way sensitive to C(stem) and C(crown). For the 
stem diameter variation, the initial condition of D is again the most important one, 
followed by )0( sp
x =ΨΨ and β. As both these parameters are used to calculate the initial 
value of the pressure potential of the stem storage compartment, the sensitivity analysis 
stresses once more the importance of this initial value for a correct simulation of D. Just as 
was the case for the ‘HydGro’ model, both the wall-yielding threshold pressure Γ and the 
cell wall extensibility φ have an important effect on D; the effect of φ being less 
pronounced due to its lower ranking. Different from the ‘HydGro’ model is the fact that 
‘RCGro’ is no longer strongly dependent on the initial condition for W(stem).   
 
Correlations between the highly ranked parameters were analysed in a similar way as is 
already described in Section 3.6.2.  
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3.6.4 Subset of parameters to be estimated 
In the previous sections, the importance ranking of the model parameters was established 
(Table 3.3 and Table 3.4) and correlations between parameters were detected. With this 
knowledge, an appropriate subset of parameters to be estimated could be put forward to 
facilitate as such the parameter estimation procedure. The proposed set of the parameters to 
be estimated is listed in Table 3.5, together with the list of parameters which were given an 
assumed value (either taken from literature or directly measured or calculated from 
measurements).  
 
Table 3.5: Overview of the subset of parameters to be estimated, together with the 
assumed values of the remaining parameters and initial conditions. The source from 
which the value was obtained is given for the assumed values. 
To be estimated  Assumed or measured 
Name  Name Value Source 
k2(stem)  Ψx(roots) − Calculated from Ψ(soil) 
k2(crown)  ( )stemsminΨ  − 3 MPa Zweifel et al. (2001) 
k1(stem)  ( )crownsminΨ  − 4 MPa Zweifel et al. (2001) 
k1(crown)  l − Initial length measured at the beginning of the experiment 
C(stem)  a 2.968 × 10-3 m Génard et al. (2001) 
C(crown)  b 32 m-1 Génard et al. (2001) 
Rx  )0( sp
x =ΨΨ  − 2.9 MPa Fanjul and Rosher (1984) 
β  Γ 0.9 MPa Génard et al. (2001) 
φ  ε0 1100 Visual estimation based on realistic values for ε 
L  D (t=0) − Initial diameter measured at the beginning of the experiment 
  W(stem) (t=0) − Calculated from the geometry of the stem  
  W(crown) (t=0) − Calculated from the fresh and oven-dry mass of leaves  
 
To identify the model from experimental data, the parameters related to the capacitance of 
the storage compartments will be estimated together with the hydraulic flow resistance of 
the young tree and with some parameters related to growth (Table 3.5). For the remainder 
of parameters an appropriate value was proposed.  
 
As denoted in Section 3.5.1, the value of the xylem root water potential [Ψx(roots)] could 
be approximated from soil water potential measurements performed during the night 
preceding the data set used for simulation as at that time of the day no water potential 
gradients exist between soil and roots. The (pool)sminΨ  values for crown and stem were set 
equal to –4 and –3 MPa respectively, corresponding to values found in the literature (Bréda 
et al., 1993; Cochard et al., 1996, 1999; Zweifel et al., 2001; Raftoyannis and Radoglou, 
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2002; Larcher, 2003). From the ranking in Table 3.3 and Table 3.4, it was concluded that 
the model outputs F(stem) and D were not very sensitive to the allometric parameters a and 
b of Eq. (3.21). Therefore, it was opted to use the parameter values reported by Génard et 
al. (2001). By measuring the thickness of extensible tissues on three peach cultivars, these 
authors could estimate the parameters a and b through a non-linear regression procedure. 
They found that the three cultivars followed the same general curve. As shown in Section 
3.3.2.2, the assumed relationship [Eq. (3.21)] and related parameter values were also 
adequate for predicting the thickness of the stem storage compartment for the young beech 
and oak trees. 
 
For )0( sp
x =ΨΨ  the value given by Fanjul and Rosher (1984) for apple leaves (–2.9 MPa) 
under well-watered conditions was assumed (Section 3.5.1). For the wall-yielding 
threshold pressure Γ a value of 0.9 MPa was adopted. Different values of Γ have been 
observed in a variety of plant tissues (Green et al., 1971; Green and Cummins, 1974; 
Bradford and Hsiao, 1982; Hsiao and Xu, 2000) ranging from 0.1 to 0.9 MPa. Assuming 
that the threshold pressure had to be higher for stem tissues than for young tissues or 
individual cells on which most of the measurements had been done, led to the choice of 
Γ = 0.9 MPa (Génard et al., 2001). The parameter εo was given an arbitrary value so that 
the simulated values of the elastic modulus ε [Eq. (3.23)] ranged between 12 to 20 MPa. 
These estimates are within the range of the values obtained for giant algal cells (from 10 to 
60 MPa) and higher plant tissues (from 0 to 30 MPa) as reported by Dainty (1976), Tyree 
and Jarvis (1982), Dale and Sutcliffe (1986) and Larcher (2003). Furthermore, the initial 
stem diameter and the length of the stem (i.e. the distance between the two sap flow 
sensors used for measuring F(stem) and E respectively) were carefully measured at the 
beginning of each experiment and were used as initial guesses for D (t = 0) and l, 
respectively. Finally, the initial conditions of the derived state variables W(stem) and 
W(crown) were calculated as described in Section 3.5.1. It was measured that 40 % of the 
stem storage compartment consisted of water. 
 
Relying on these parameters, obtained either from measurements or prior knowledge, the 
remaining subset of parameters denoted in Table 3.5 will be estimated using the 
optimisation experiment in WEST. How the parameter estimation precisely was performed 
is discussed in the next section.   
3.7 Model calibration for young trees 
Following the introduction on parameter estimation, this section reports results of the 
model identification from experimental data obtained on the young beech and oak model 
trees. The calibration results of both approaches for the flow and storage model, i.e. 
‘HydGro’ and ‘RCGro’, are compared for each of the young tree species. 
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3.7.1 Basics of parameter estimation 
Parameter estimation is defined as (Dochain and Vanrolleghem, 2001): 
‘the determination of the optimum values of the parameters, that arise in a 
mathematical description with the aid of experimental data, assuming that the 
relationships between the variables and the parameters are explicitly known’.  
 
As such, parameter estimation aims at obtaining values of parameters that give the best fit 
to a given set of data. In practice, subjective guessing of parameters by visual inspection of 
model prediction and data is still often applied. However, in order to objectify the 
estimation of parameters, functions have been defined to fit a model to the data. These 
functions are defined in such a way that small values represent close agreement between 
model and data. The model parameters are then adjusted to achieve a minimum in these 
functions, yielding best-fit parameters. As such, parameter estimation can be seen as a 
minimisation problem.  
 
The best known objective function for parameter estimation is the sum of squared errors 
function: 







2θθ  ( 3.55 ) 
where yi are the observations (in total N observation are available) and ( )θiyˆ  are the model 
predictions for a given parameter set θ. In both approaches of the flow and storage model, 
data of two variables were used to identify the parameters. As such, Eq. (3.55) can be 
extended as: 












2 θθθ  ( 3.56 ) 
where wF and wD are the weights assigned to the objective function of F(stem) and D 
respectively. The differences in Eq. (3.56) were weighted to account for differences in the 
order of magnitude of both values in the objective function. As the value of J for F(stem) 
was found to be much larger than that of D, wD was set at about 1 × 1010 to balance as such 
the contribution of both sub objective functions to the final objective function J(θ). 
Although the choice of this value appears rather arbitrary, it was in close agreement with 
the weight calculated from the inverse of the variance of the measurement errors; a 
procedure that preferably is used to assign weights in case the measurement errors are 
available (Dochain and Vanrolleghem, 2001).      
 
The purpose of non-linear parameter estimation is then to find as efficiently as possible the 
values of θ which make J(θ) minimal. Dochain and Vanrolleghem (2001) give an overview 
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of possible optimisation methods that can be used. The method developed by Nelder and 
Mead (1965) (the simplex method) is one of the search algorithm in WEST (Section 3.4) 
and it was used to estimate the parameters for both approaches of the flow and storage 
model. This method is rather robust to local minima (Vanhooren et al., 2003), and it is 
therefore well appreciated in optimisation experiments. The main concept used by this 
method is the geometrical concept of a simplex; a simplex being a geometrical figure 
consisting of p + 1 points (or vertices) and all their interconnecting line segments, 
polygonal faces, etc. Using a two-dimensional example (p = 2 and, hence, simplex = 
triangle) the typical progress of iteration can be illustrated (Figure 3.15).  
 
Figure 3.15: The simplex algorithm for a two-dimensional optimisation problem. The 
ellipses represent the objective function contour lines (Dochain and Vanrolleghem, 
2001) 
 
Vertices 1, 2 and 3 form the initial simplex and increasing numbers indicate the new 
vertices added at each iteration. Note that vertex 7 has the largest function value for the 
simplex [4, 6, 7] but is not reflected immediately since it is the newest vertex in that 
simplex. When simplex [6, 9, 10] is reached, vertex 6 has been in the current simplex for 
four iterations leading to a contraction to the new simplex [6,11,12]. The iteration 
continues from this simplex and the algorithm will continue to reflect and contract the 
simplex until a stopping criterion has been achieved (Dochain and Vanrolleghem, 2001). 
 
Once the minimum in J(θ) is reached, the search algorithm yields the best-fit parameters 
and the model is calibrated to the data set. It is, however, essential to evaluate the success 
of this step, i.e. one must find out how accurate the parameters are estimated. In general, 
the quality check of parameters is based on the parameter estimation error covariance 
matrix V. In WEST, the covariance matrix V is calculated as two times the inverse of the 
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Hessian matrix multiplied by the objective function value at the minimum divided by the 
degrees of freedom (N-p) (Marsili-libelli et al., 2003). The Hessian matrix is computed by 
using a quadric approximation of the objective function J in the neighbourhood of the 
minimum as was described by Nelder and Mead (1965). Once the covariance matrix V is 
available, the approximate standard errors of the parameters can be calculated as (Dochain 
and Vanrolleghem, 2001): 
 ( ) iii V=θσ  ( 3.57 ) 
where Vii is an element on the diagonal of the covariance matrix V. Confidence intervals 
for the parameters are then obtained as: 
 ( )ipN;t θσθ α ×± −  ( 3.58 ) 
for a confidence level specified as 100(1–α)% and the t-values obtained from the Student-t 
distribution with N the total number of data points used to estimate the parameters and p 
the number of estimated parameters. As such, the quality of the estimated parameters could 
be assessed (Sections 3.7.3 and 3.7.4). 
3.7.2 Measured data for model calibration 
Before discussing the actual parameter estimation, some remarks on the experimental data 
set used to calibrate the ‘HydGro’ and the ‘RCGro’ model are needed here. Both the sap 
flow rate at stem base [F(stem)] and the stem diameter variation (D) were chosen as 
qualified variables to estimate the model parameters, as both variables were measured by 
two independent methods. By comparing the model output with the measured data of these 
variables and, thus, by minimizing the objective function J(θ) [Eq. (3.56)], the best-fit 
parameters could be determined.  
 
In order to run both approaches of the flow and storage model, input data sets are required 
as well, i.e. data on leaf transpiration of the tree. To meet this requirement, the total leaf 
transpiration of the young trees (E) was calculated by upscaling branch sap flow as 
described in Section 2.6.2, using the leaf area as scaling factor. An overview of the 
measurements carried out to calibrate both approaches of the flow and storage model is 
depicted in Figure 3.16. 
 
To allow a meaningful comparison between beech and oak in terms of sap flow dynamics 
and water storage, the experimental data of both trees needed to be collected at the same 
moment in the growing season (when both trees are subjected to an identical 
microclimate). In this respect, the tree chamber, which only allowed to measure one tree at 
a time (Figure 2.3) could not be used. As such, a young beech tree and a young oak tree 
were both equipped with a sap flow sensor at branch and stem level, and with a LVDT to 
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measure the stem diameter variation (Figure 3.16). Both trees were placed together inside 
the growth room. The major difference with the experimental system presented in 
Chapter 2 is that relative humidity of the air was no longer controlled by selecting a dew 
point (which was difficult to realise after all; Chapter 2; Section 2.4.1.2). Hence, RH 
fluctuated freely depending on the imposed level of radiation (PAR), the air temperature 
(Ta) and the transpiration rate of the trees. 
 
Figure 3.16: Set-up for obtaining experimental data needed for model calibration and 
validation. The young model tree is shown, together with the type of measurements.  
 
Both young trees were continuously monitored during the entire growing season (from 
April till October 2003). From this large data set, data subsets were then selected for 
parameter estimation on the one hand (Sections 3.7.3 and 3.7.4) and for model validation 
on the other (Section 3.8). Moreover, selection of additional data subsets allowed to study 
the evolution of some model parameters throughout the growing season as will be 
discussed in Section 3.9. 
3.7.3 Model calibration for the beech tree 
For a successful model identification it is necessary to use experimental data which 
contains enough dynamic information. Therefore a data subset that showed distinct sap 
flow dynamics, together with fast growth of the stem diameter, was selected from the main 
data set for parameter estimation of both the ‘HydGro’ and the ‘RCGro’ model. This data 
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subset, henceforth referred to as ‘DOY 175-179’, was extracted from both the beech and 
the oak tree data set. In this section the results of model calibration for the young beech 
tree are discussed, whereas the results for the oak tree are described in Section 3.7.4.  
 
Figure 3.17 shows the imposed microclimate in the growth room containing both young 
trees. The measured transpiration rate (E) for the beech tree is also shown. 
 
Figure 3.17: A 5-day sample (DOY 175-179) of the varying microclimate in the 
growth room containing the two model trees: (a) photosynthetic active radiation 
(PAR) and (b) air temperature (Ta); and (c) the leaf transpiration rate E of the beech 
tree used as input for both the ‘HydGro’ and the ‘RCGro’ model. The vertical dotted 
lines correspond to the beginning and the end of the day light period. 
 
The microclimate in the growth room is characterised by the photon flux density of 
photosynthetic active radiation (PAR) and the temperature of the air (Ta). The mean PAR 
during the daytime was approximately 360 µmol m-2 s-1, while Ta increased from 14.5 °C 
in the morning to an average of approximately 22.5 °C during the daytime. The fluctuating 
course of E during the second half of the daytime period resulted from the hysteresis of the 
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introduced a fluctuation of approximately 0.4 °C around the selected air temperature of 
23 °C. 
 
Using E as input variable (Figure 3.17c) and minimizing the differences between the model 
output and the measured data of F(stem) and D respectively, both the ‘HydGro’ and 
‘RCGro’ models were calibrated. The estimated parameters, together with the error 
percentage and the tα;N-p × σ(θ) value [to calculate the 95 % confidence interval of the 
estimated parameters, i.e. θ ± tα;N-p × σ(θ); Eq. (3.58)] are listed in Table 3.6. The error 
percentage was defined as the ratio between the tα;N-p × σ(θ) value and the respective 
estimated parameter value; this ratio was further multiplied by 100 to obtain a percentage. 
In addition to the 95 % confidence interval, the error percentage allows to quickly assess 
the quality of the estimated parameters.  
 
Table 3.6: Estimated model parameter values and initial conditions of the ‘HydGro’ 
and ‘RCGro’ model for the young beech tree during the period DOY 175-179. The 
tα;N-p × σ(θ) to compute the 95 % confidence interval [Eq. (3.58)] and the error 
percentage (error %) for the estimated parameters are also given. See Table 3.2 for 
units of the parameters. 
HydGro – Beech RCGro – Beech 
Parameter Value tα;N-p  × σ(θ) Error % Parameter Value tα;N-p  × σ(θ) Error %
Ψx(roots) –0.0086 – – Ψx(roots) –0.0086 – – 
l 1 – – l 1 – – 
k1(stem) 23733.0 1.9 0.01 C(stem) 212.3 0.5 0.22 
k2(stem) 54.4 0.9 1.73 C(crown) 1157.6 100.4 8.67 
k1(crown) 11684.4 159.7 1.37     
k2(crown) 563.3 32.2 5.72     
Rx 0.1853 0.0081 4.40 Rx 0.1829 0.0005 0.27 
β 0.3385 0.0003 0.10 β 0.3385 0.0002 0.05 
φ 2.35 × 10-7 7.94 × 10-10 0.34 φ 2.34 × 10-7 2.83 × 10-9 1.21 
L 1.12 × 10-7 2.60 × 10-8 23.25 L 8.38 × 10-8 2.76 × 10-8 32.96 
D (t=0) 0.0176 – – D (t=0) 0.0176 – – 
W(stem) (t=0) 24000 – –     
W(crown) (t=0) 14000 – –     
 
Table 3.6 shows that the parameters related to the stem storage pool [C(stem), k1(stem), 
k2(stem)] could be estimated more precisely than those of the crown [C(crown), k1(crown), 
k2(crown)]. This is revealed by their lower error percentage. This could be expected as the 
stem diameter variations (which contain information on the changes in stem water storage) 
were directly used for optimisation. Furthermore, it can be seen that the parameter β could 
be estimated very accurately for both the ‘HydGro’ and the ‘RCGro’ model. Table 3.6 also 
reveals that the estimates for Rx are almost identical for both models; the difference being 
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that the value appeared to be more reliable in case of ‘RCGro’. The high error percentage 
found for L can be ascribed to the fact that the parameter L was not very sensitive and, 
thus, more difficult to identify as was revealed by the results of the sensitivity analysis 
(Table 3.3 and Table 3.4). Surprisingly, the parameter φ could be estimated well, despite 
the fact  that its sensitivity ranking was rather low. 
 
The parameters listed in Table 3.6 resulted in model outputs that fitted the experimental 
data in the best possible way. The model fits are visualised in Figure 3.18 for F(stem) and 
D respectively, and a distinction is made between simulations obtained with the ‘HydGro’ 
and the ‘RCGro’ model. 
 
At first sight, both models generate the same output for F(stem) and D (Figure 3.18). It is 
striking how well the simulations fit the experimental data. This confirms that the 
underlying processes driving both models are highly accurate and describe the 
physiological mechanisms quite well. As such, it can be concluded from this visual 
inspection that both the ‘HydGro’ and the ‘RCGro’ model are useful to accurately simulate 
the sap flow dynamics and the stem diameter variation due to changes in water storage and 
growth. 
 
However, a closer look at Figure 3.18 reveals some small differences between both 
approaches. As indicated in Figure 3.18, by means of the dotted circles, the stem sap flow 
computed with the ‘HydGro’ model reached zero sap flow conditions slowly at the 
beginning of each night. Also the model output for the stem diameter fluctuation was 
slightly different. Whereas the ‘RCGro’ model computed a slow decrease during the 
daytime, the ‘HydGro’ model simulated a rather horizontal D profile. To explain the 
differences between both models, the desorption curves used by the ‘HydGro’ and the 
‘RCGro’ model are shown in Figure 3.19, along with a calculated time course of the 
capacitance throughout the day. 
 
The time courses of the capacitance for stem and crown (Figure 3.19c and Figure 3.19d 
respectively) were calculated from the inverse slope of the desorption curves represented in 
Figure 3.19a and Figure 3.19b. From these time courses, it can be seen that the hydraulic 
capacitance used in ‘HydGro’ was much larger during the night compared to ‘RCGro’; this 
being true for stem as well as for crown. Such an observation implies that more water 
could be stored in the stem and crown storage pool at low water potentials when using the 
‘HydGro’ model. 
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Figure 3.18: Model calibration for the young beech tree (DOY 175-179) showing the 
comparison between measured and simulated sap flow rate at stem base [F(stem)] (a 
and b) and between measured and simulated stem diameter variation (D) (c and d) for 
the ‘HydGro’ model (a and c) and the ‘RCGro’ model (b and d). Measured data were 
obtained every 5 minutes. The dotted lines represent the beginning and the end of the 
day light period. 
 
A physiological explanation was found by considering that the desorption curves of the 
‘HydGro’ model consist of two phases: a region from 0 to –0.3 MPa where there is a rather 
large water storage capacitance (C) and a region below –0.5 MPa where C is small. The 
first phase is due to capillary water stored in intercellular spaces at less negative water 
potentials (0 to –0.3 MPa); whereas the second phase represents the elastic storage in cells 
Time (h)































































  A mathematical flow and storage model for water transport in young trees 147 
of the bark and the cambium at Ψ values below –0.5 MPa. Such phases in desorption 
curves were also recognised and extensively discussed by Tyree and Yang (1990) and 
Tyree and Zimmermann (2002). In addition, these authors indicated a third phase in the 
desorption curve where there was again a high C at very negative water potentials (Ψ <     
–2.0 MPa for Thuja, Tsuga and Acer stems) due to the release of stored water by cavitation 
events. Note that for the young beech and oak trees, which were well-watered throughout 
the growing season, the contribution of stored water released by cavitation could be 
neglected. 
 
Figure 3.19: Desorption curves for (a) the stem storage pool and (b) the crown 
storage pool for the young beech tree and derived diurnal courses of the hydraulic 
capacitance for (c) the stem storage pool and (d) the crown storage pool. The thin line 
in (a) and (b) represents the entire desorption curve of the ‘HydGro’ model, while the 
data points (black dots) indicate the part that was used during simulation. The dotted 
lines in (c) and (d) represent the beginning and the end of the day light period. 
 
Furthermore, Figure 3.19c and Figure 3.19d reveal that both models use a rather constant 
storage capacitance during the daytime for both the stem and the crown storage pool; the 
capacitance for ‘HydGro’ being somewhat lower than for ‘RCGro’. As such, it can be 
concluded that the small differences observed in model outputs (Figure 3.18) can be 
attributed to the way the storage capacitances of both the stem and the crown are calculated 
with the model.  
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The question that arises is which model should be used to predict the sap flow dynamics 
and stem diameter variations as accurate as possible. Because it is difficult to answer this 
question on a visual basis (Figure 3.18), scatter plots were produced between simulated 
and measured data to evaluate the comparison between both models (Figure 3.20). For 
each scatter plot, the coefficient of determination (R2) was calculated, which could then be 
used as a measure of how well the simulated data fit the experimental data. In addition, the 
selection of the best model among the two model candidates (i.e. ‘HydGro’ and ‘RCGro’) 
was based on an objective model selection criterion, i.e. the Final Prediction Error (FPE). 
The FPE is one of the best-known objective tools (amongst others as described by Dochain 









SSRFPE 21  ( 3.59 ) 
with SSR the sum of squared residuals, N the number of data points and p the number of 
estimated parameters. The first term decreases with increasing complexity (increasing p) 
and, hence, positively evaluates a better fit of the model to the data, while the second term 
penalises too complex (overparametrised) models. As such, the model with the smallest 
criterion value should be selected.  
 
Figure 3.20: Scatter plots for the young beech tree of measured and simulated data of 
the sap flow rate at stem base F(stem)  obtained with (a) ‘HydGro’ and (b) ‘RCGro’, 
and the stem diameter variation D  obtained  with (c) ‘HydGro’ and (d) ‘RCGro’. The 
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From the coefficients of determination shown in Figure 3.20, it can be concluded that both 
models had a similar predicting power for the variables F(stem) and D. If a distinction has 
to be made between both models, one is obliged to compare the third significant digit of 
R2. Only then it is revealed that the ‘HydGro’ model is ‘better’ than ‘RCGro’ for 
simulating F(stem), whereas ‘RCGro’ is ‘better’ than ‘HydGro’ for computing D. As for 
the objective model selection criterion FPE, the value calculated for F(stem) was smaller 
for ‘HydGro’ (i.e. FPE = 0.056 for ‘HydGro’ and FPE = 0.083 for ‘RCGro’) while in case 
of D the FPE value was smaller for ‘RCGro’ (i.e. FPE = 3.37 × 10-6 for ‘HydGro’ and 
FPE = 2.34 × 10-6 for ‘RCGro’). This reveals that ‘HydGro’ is the better model candidate 
for simulating F(stem) while ‘RCGro’ is the better model candidate for computing D. At 
this point it is appropriate to note that the stem diameter D is a more suitable variable to 
demonstrate the differences between the ‘HydGro’ model and the ‘RCGro’ model than the 
sap flow F(stem). In fact, it is not a surprise that the fit between measured sap flow and 
simulated sap flow is very good, because the flow and storage model is based on a water 
balance without any production of water in the system. As such, the mean sap flow rate 
F(stem) should be essentially equal to the mean transpiration rate E. Only accumulation of 
water in the storage tissues of the tree will give rise to possible differences. Note that a 
steady-state model will also result in good predictions of the sap flow if the results are 
presented as in Figure 3.18a and Figure 3.18b. The added value of considering the 
dynamics of the sap flow behaviour, however, is the possibility to assess the amount of 
internally stored water which is daily released and refilled (see Section 3.9.1.4). This 
dynamic phenomenon is also reflected in the variation of the stem diameter. Therefore, it 
can be argued that the figures showing the stem diameter variation are much more 
appropriate to evaluate the differences between the ‘HydGro’ model and the ‘RCGro’ 
model, because for the D variable the dynamics due to the steady-state water balance are 
eliminated. Based on this discussion and on the smaller FPE value for D in case of 
‘RCGro’, it can be concluded that ‘RCGro’ is the better model candidate to describe the 
dynamic sap flow behaviour in the young beech tree. This model allows an appropriate 
description of the experimental data, without being too complex (only 6 parameters and no 
initial conditions in contrast with 8 parameters and 2 initial conditions for ‘HydGro’).  
3.7.4 Model calibration for the oak tree 
In order to compare the results for the young beech tree with those of the young oak tree, 
the same data subset, i.e. ‘DOY 175-179’, was extracted from the main oak data set to 
calibrate both the ‘HydGro’ and the ‘RCGro’ model. In this section, the results of model 
identification for the young oak tree are described following the same structure as in 
Section 3.7.3. The actual comparison between beech and oak in terms of storage capacity 
and hydraulic resistance is then further discussed in Section 3.9.1.  
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To identify both approaches of the flow and storage model for the young oak tree, the total 
leaf transpiration E shown in Figure 3.21 was used as input variable; the oak tree being 
subjected to the same microclimate as was imposed on the beech tree (Figure 3.17). The 
estimated parameter values of both ‘HydGro’ and ‘RCGro’, together with the tα;N-p × σ(θ) 
values to calculate the 95 % confidence intervals and the error percentages, are presented 
in Table 3.7. 
 
Figure 3.21: A 5-day sample (DOY 175-179) of the leaf transpiration rate E for the 
young oak tree used as input variable for both the ‘HydGro’ and the ‘RCGro’ model . 
The vertical dotted lines correspond to the beginning and the end of the day light 
period. 
 
Table 3.7: Estimated model parameter values and initial conditions of the ‘HydGro’ 
and ‘RCGro’ model for the young oak tree during the period DOY 175-179. The     
tα;N-p × σ(θ) to compute the 95 % confidence interval [Eq. (3.58)] and the error 
percentage (error %) for the estimated parameters are also given. See Table 3.2 for 
units of the parameters. 
HydGro – Oak RCGro – Oak 
Parameter Value tα;N-p  × σ(θ) Error % Parameter Value tα;N-p  × σ(θ) Error %
Ψx(roots) –0.0086 – – Ψx(roots) –0.0086 – – 
l 1 – – l 1 – – 
k1(stem) 20978.6 16.8 0.08 C(stem) 939.8 15.6 1.66 
k2(stem) 178.4 3.4 1.88 C(crown) 3278.6 107.8 3.29 
k1(crown) 50782.8 165.5 0.33     
k2(crown) 1299.5 24.5 1.89     
Rx 0.1002 0.0097 9.69 Rx 0.1072 0.0015 1.36 
β 0.3414 0.0011 0.31 β 0.3311 0.0001 0.03 
φ 7.34 × 10-7 7.85 × 10-9 1.07 φ 6.95 × 10-7 3.41 × 10-9 0.49 
L 4.12 × 10-7 6.26 × 10-8 15.19 L 3.85 × 10-7 6.66 × 10-8 17.32 
D (t=0) 0.0168 – – D (t=0) 0.0168 – – 
W(stem) (t=0) 22000 – –     
W(crown) (t=0) 57000 – –     
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Concerning the confidence in the estimated parameters, similar conclusions as for the 
beech tree (Section 3.7.3) were also found for the young oak tree. 
 
The model outputs obtained with the parameters listed in Table 3.7 are displayed in Figure 
3.22. 
 
Figure 3.22: Model calibration for the young oak tree (DOY 175-179) showing the 
comparison between measured and simulated sap flow rate at stem base [F(stem)] (a 
and b) and between measured and simulated stem diameter variation (D) (c and d) for 
the ‘HydGro’ model (a and c) and the ‘RCGro’ model (b and d). Measured data were 
obtained every 5 minutes. The dotted lines represent the beginning and the end of the 
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Note that the peaks observed in the transpiration rate E (Figure 3.21) and the sap flow rate 
F(stem) (Figure 3.22a and Figure 3.22b) at the beginning of each day did not result from 
heat storage effects (heat storage term was included in heat balance calculations), but 
appeared to be a physiological reaction of the young oak tree to the imposed steps of the 
microclimate. These peaks in E and F(stem) were also reflected in the diameter variation 
of the oak stem (Figure 3.22c and Figure 3.22d).  
 
Although the sap flow and stem diameter fluctuations for the young oak tree were 
distinctly different from those of the beech tree (Figure 3.18), both the ‘HydGro’ and the 
‘RCGro’ model were able to predict the diurnal courses of F(stem) and D very well (Figure 
3.22). The stem sap flow computed with ‘HydGro’ reached zero sap flow conditions more 
slowly at the beginning of each night. This observation was more pronounced for the oak 
tree compared to beech (see dotted circles in Figure 3.18 and Figure 3.22). The desorption 
curves and related time courses of the capacitances for stem and crown are at the basis of 
the differences between the model output of the ‘HydGro’ and the ‘RCGro’ model (Figure 
3.23). 
 
Figure 3.23: Desorption curves for (a) the stem storage pool and (b) the crown 
storage pool for the young oak tree and derived diurnal courses of the hydraulic 
capacitance for (c) the stem storage pool and (d) the crown storage pool. The thin line 
in (a) and (b) represents the entire desorption curve of the ‘HydGro’ model, while the 
data points (black dots) indicate the part that was used during simulation. The dotted 
lines in (c) and (d) represent the beginning and the end of the day light period. 
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Just as was found for the beech tree, the hydraulic capacitance of the young oak tree 
simulated with ‘HydGro’ increased during the night due to capillary stored water. Early in 
the morning the capacitance decreased very fast to a constant level somewhat below the 
constant C of ‘RCGro’. This fast decrease can be attributed to the fact that the contribution 
of capillary stored water to the transpiration stream is known to vanish at Ψ < –0.5 MPa 
(Tyree and Ewers, 1991). Thus, during the morning, a fast transition occurs between the 
first and the second phase of the desorption curve used in the ‘HydGro’ model (Section 
3.7.3).  
 
One would expect that use of the desorption curve incorporated in the ‘HydGro’ model 
would predict sap flow dynamics and stem diameter variations more accurately. But as is 
shown in Figure 3.22, no distinct difference could be noticed. To confirm this visual 
inspection, scatter plots were again produced for the young oak tree in order to compare 
the ‘HydGro’ and ‘RCGro’ simulations with experimental data (Figure 3.24). For this 
purpose, determination coefficients were calculated. In addition, the FPE value [Eq. 
(3.59)] was evaluated for an objective selection of the better model candidate.  
 
Figure 3.24: Scatter plots for the young oak tree of measured and simulated data of 
the sap flow rate at stem base F(stem) obtained with (a) ‘HydGro’ and (b) ‘RCGro’, 
and the stem diameter variation D obtained  with (c) ‘HydGro’ and (d) ‘RCGro’. The 
dashed lines represent the 1:1 relationship. The coefficients of determination (R²) are 
also shown. 
 
The determination coefficients listed in Figure 3.24 do not reveal distinct differences in 
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‘HydGro’ model as the better model candidate (i.e. FPE = 6.68 × 10-6 for ‘HydGro’ and 
FPE = 6.81 × 10-6 for ‘RCGro’). However, as the difference in FPE is very small in this 
case, the criterion should be handled with some care when using it to put forward 
‘HydGro’ as the best model. 
 
So far, the attention was focussed on the possible identification of the models from 
experimental data. It was shown for both the beech and the oak tree that either approach 
resulted in good simulations of the sap flow and the stem diameter variation. However, 
before one can really compare the estimated parameters and simulated results obtained for 
beech and oak in terms of storage capacity and hydraulic resistance, a model validation has 
to be performed. This is tackled in the next section. 
3.8 Model validation for young trees 
In this section, the quality of both approaches for the flow and storage model is assessed by 
a validation step (model testing). For this validation step, model predictions were 
compared to a data subset which was not used for the identification procedure. It was 
verified whether the ‘HydGro’ and the ‘RCGro’ model, including the best-fit parameters 
listed in Table 3.6 and Table 3.7, were able to accurately predict the sap flow dynamics 
and the diameter variations for both beech and oak. For a reliable validation, data must be 
used that were obtained under different conditions than the ones used for model 
identification (Dochain and Vanrolleghem, 2001). When the models are able to reproduce 
these data, the confidence of the user in the identified models increases, making them as 
such more reliable for their intended purposes. 
3.8.1 Model validation for the beech tree 
To validate both the ‘HydGro’ and the ‘RCGro’ model for the young beech tree, a data 
subset following the one used for model calibration (Section 3.7.3) was selected. This data 
subset, referred to as ‘DOY 180-186’, was somewhat special as during DOY 184 and 185 
step changes in PAR were imposed on the young trees. During both days, the PAR level 
was decreased from 360 to 55 µmol m-2 s-1 at 13 h. Whereas during DOY 184 the low 
radiation level was maintained during the remainder of the day, an increase in PAR level 
was realised at 18.25 h during DOY 185. The microclimate around the young trees is 
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Figure 3.25: A 7-day sample (DOY 180-186) of the varying microclimate in the 
growth room containing the two model trees: (a) photosynthetic active radiation 
(PAR) and (b) air temperature (Ta); and (c) the leaf transpiration rate E of the beech 
tree used as input variable for both the ‘HydGro’ and the ‘RCGro’ model. The 
vertical dotted lines correspond to the beginning and the end of the day light period. 
DOY 184 and 185 are characterized by a step change in PAR. 
 
Figure 3.25 reveals that the step changes in PAR also had an effect on the air temperature. 
This was expected as the heating in the growth room was regulated by the electrical 
heating of the fluorescent lamps. Furthermore, it is shown that total leaf transpiration of the 
young tree responded very dynamically on the step changes of PAR. As such, the data set 
contained extra dynamic information compared to the calibration data set and, therefore, 
was considered as being suitable for the validation procedure. Together with the parameter 
estimates reported in Table 3.6, transpiration rate E was then used to test the models. The 
simulated results of stem sap flow and stem diameter variation are depicted in Figure 3.26, 
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Figure 3.26: Model validation for the young beech tree (DOY 180-186) showing the 
comparison between measured and simulated sap flow rate at stem base [F(stem)] (a 
and b) and between measured and simulated stem diameter variation (D) (c and d) for 
the ‘HydGro’ model (a and c) and the ‘RCGro’ model (b and d). Measured data were 
obtained every 5 minutes. The dotted lines represent the beginning and the end of the 
day light period. The coefficients of determination are also shown. 
 
Without any additional calibration, very good agreement was found between model 
simulations and measurements. Also the physiological responses of the young tree on step 
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From a physiological point of view, it is interesting to see how well the stem diameter 
responded to the changed sap flow pattern through the stem of the young tree. When E, and 
subsequently F(stem), decreased due to the step change in PAR, a clear increase in D was 
observed (Figure 3.26; DOY 184 and 185 from 13 h). This could be attributed to the 
refilling of the internal stem storage pool in addition to some growth; the growth being 
driven by an increase in pressure potential (i.e. turgor). Note that at the end of DOY 184, 
when the lights were completely turned off and E did no longer occur, the increase in D 
exceeded the value observed in the previous period of low level irradiation. This could be 
explained by the fact that the cells at that moment were at full turgor and thus growth was 
at its maximum [Section 3.3.2.2; Eq. (3.24)]. 
 
No visual distinction could be made between the F(stem) simulation obtained with either 
the ‘HydGro’ or the ‘RCGro’ model; this being due to the fact that the flow and storage 
model is based on a water balance without water production in the system as is explained 
in Section 3.7.3. The simulation of D seemed to fit the real data somewhat better for 
‘RCGro’. This is confirmed by the computed coefficient of determination. Based on the 
FPE value calculated for D [Eq. (3.59)] ‘RCGro’ revealed to be the better model candidate 
(i.e. FPE = 1.53 × 10-5 for ‘HydGro’ and FPE = 1.03 × 10-5 for ‘RCGro’). In general, it 
can be concluded that the validation results shown in Figure 3.26 increase the level of 
confidence in the predicting power of both identified models for the young beech tree. 
3.8.2 Model validation for the oak tree 
To validate the ‘HydGro’ and the ‘RCGro’ model for the young oak tree, the same data 
subset as was selected for the beech tree, i.e. ‘DOY 180-186’, was extracted from the main 
data set of oak. As such, the identified models for both tree species were confronted with 
the same dynamic validation data subset. Hence, the microclimate surrounding the young 
oak tree was equal to the one of the young beech tree (Figure 3.25). The resulting leaf 
transpiration rate of the oak tree is presented in Figure 3.27.  
 
Figure 3.27 illustrates that the leaf transpiration rate of the young oak tree responded in a 
very dynamic way to the step changes in PAR. Whereas the step change at DOY 184 
reduced E of the beech tree with 76 % (Figure 3.25), E of the oak tree decreased with 
93 %. This difference in response can be explained by the fact that beech is a more shade-
tolerant species than oak (Valladares, 2002). Shade-tolerant leaves normally have a lower 
light compensation point (i.e. the critical, minimal light intensity which should be 
exceeded before a net CO2 uptake can be realised) and can utilize weak light better 
(Larcher, 2003). Knowing this, it might be expected that the reduction in PAR radiation 
from 360 to 55 µmol m-2 s-1 affected the photosynthesis of the young more light-
demanding oak tree most; probably because of the fact that the low PAR level of 55 µmol 
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m-2 s-1 came close to the light compensation point (in any way closer than to the one of the 
beech tree). As such, it is expected that this resulted in a lower photosynthesis rate for the 
oak tree and, hence, also in a lower transpiration rate. 
 
Figure 3.27: A 7-day sample (DOY 180-186) of the leaf transpiration rate E for the 
young oak tree used as input variable for both the ‘HydGro’ and the ‘RCGro’ model. 
The vertical dotted lines correspond to the beginning and the end of the day light 
period. DOY 184 and 185 are characterised by a step change in PAR. 
 
The data set E shown in Figure 3.27 together with the best-fit parameters listed in Table 
3.7 were used to run both the ‘HydGro’ and the ‘RCGro’ model. The simulation results are 
presented in Figure 3.28, together with the measured data for comparison. 
 
Similar to the young beech tree, a very good correspondence is found between the model 
simulations and the measurements of F(stem) and D. Without any additional calibration, 
both models were able to successfully predict the measured validation data. From Figure 
3.28 it can be seen that the fit of D was better in case of ‘RCGro’(Figure 3.28d); an 
observation that was also found for the young beech tree (Section 3.8.1). The FPE value 
calculated for D [Eq. (3.59)] confirmed this observation. This objective criterion again 
revealed ‘RCGro’ as the best model candidate (i.e. FPE = 13.2 × 10-5 for ‘HydGro’ and 
FPE = 3.95 × 10-5 for ‘RCGro’).  
 
To conclude this section, it can be stated that the simulated results of both approaches for 
the flow and storage models are reliable. Not only the results of model calibration were 
very good, but both models successfully passed the model validation (model testing) 
procedure as well. In this section and in Section 3.8.1, it was demonstrated that the 
‘HydGro’ and the ‘RCGro’ models were able to predict sap flow dynamics in a very 
realistic way and that the link with the diameter variation was remarkably good. 
Confidence in the models increased as no additional calibration was needed during model 
validation. From calculations of the objective model selection criterion FPE, it was 
concluded that ‘RCGro’ is the better model candidate showing a better model fit without 
being too complex (only 6 parameters to be estimated). Furthermore, it was also 
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demonstrated that the models could be used for both beech and oak; tree species that did 
show a somewhat different sap flow pattern and related stem diameter variations. 
 
Figure 3.28: Model validation for the young oak tree (DOY 180-186) showing the 
comparison between measured and simulated sap flow rate at stem base [F(stem)] (a 
and b) and between measured and simulated stem diameter variation (D) (c and d) for 
the ‘HydGro’ model (a and c) and the ‘RCGro’ model (b and d). Measured data were 
obtained every 5 minutes. The dotted lines represent the beginning and the end of the 
day light period. The coefficients of determination are also shown. 
 
Now that the confidence in the models is established, they can be used to compare the 
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dynamics, water storage capacity and hydraulic resistance. However, before tackling this 
objective, one additional validation was carried out to test whether the simulated plant 
water relations (such as courses of water potentials) were also realistic. This is discussed in 
the next section. 
3.8.3 Validation of ‘tree-water’ relations 
Up till now, only simulated results of stem sap flow and stem diameter variations were 
presented and discussed. However, both approaches of the flow and storage model can also 
simulate other ‘tree-water’ relations, like the total water potential of crown and stem and 
the osmotic and the pressure potential of the stem storage pool. This is a big advantage as 
some of these variables are very difficult to measure continuously. However, to prove the 
validity of such simulations, it was strived to validate one of these variables, i.e. the water 
potential of the crown [Ψx(crown)]. Results are also compared with values reported in 
literature. 
Leaf water potential 
During one day of the growing season, continuous measurements of leaf water potential 
[equivalent in this study with the xylem water potential of the crown Ψx(crown)] were 
made for the same beech and oak tree as discussed in the previous sections. Hence, a 
similar microclimate as presented in Figure 3.17 was imposed on the trees during the day 
of the measurements. The only difference with the microclimate presented in Figure 3.17 is 
that the day light period was selected to last from 9 h to 19 h instead of from 6 h to 20 h. 
 
The leaf water potential measurements were made every 15 min during the first 2 h (i.e. 
from 1 h before to 1 h after lights were turned on), after which the measuring frequency 
was reduced to 1 measurement per h. From 19 h the measuring frequency was again 
increased to 15 min intervals. The measurements involved removing individual leaves of 
the young beech and oak tree and determining the balancing pressure for sap exudation in a 
‘Scholander’ pressure chamber (PMS Instrument Company, USA). The theory of the 
pressure chamber and the principle of operation are described in detail in Steppe and 
Lemeur (2003a). A concise description of how negative xylem pressures can be measured 
with the pressure chamber is presented in Chapter 1 (Box 1.1). 
 
For the selected day the diurnal changes in leaf water potential were measured, the 
‘RCGro’ model was run to simulate the water relations of both trees. In Figure 3.29 and 
Figure 3.30 the results are presented for beech and oak respectively. 
 
As could be expected from the results discussed in the previous sections, the ‘RCGro’ 
model was able to successfully predict the sap flow rate measured at stem base of both the 
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beech and oak tree (Figure 3.29a and Figure 3.30a, respectively). A remarkable feature is 
the good prediction of the leaf water potential [Ψx(crown)]. As demonstrated in Figure 
3.29b and Figure 3.30b, a good agreement was found between simulated leaf water 
potential and corresponding measurements. This result is unexpected as no account was 
taken for this variable during model calibration. The fact that the model did yield realistic 
results for Ψx(crown) demonstrates once again that the predicting power of the flow and 
storage model is very high. 
 
Figure 3.29: ‘Young beech tree’-water relations: (a) simulated and measured sap 
flow rate at the stem base [F(stem)], (b) simulated and measured leaf water potential 
[Ψx(crown)], (c) simulated pressure potential of the stem storage pool [ )stem(spΨ ] 
and (d) simulated osmotic potential [ )stem(sπΨ ], total water potential of the stem 
storage pool [Ψs(stem)] and total water potential of the stem xylem [Ψx(stem)]. The 
simulations were obtained with the ’RCGro’ model. The dashed lines represent the 
beginning and the end of the day light period. 
 
Similar diurnal changes in leaf water potential have been reported for beech and oak by 
Bréda et  al. (1993), Roberts and Rosier (1994) and Backes and Leuschner (2000). From 
Figure 3.29b and Figure 3.30b it can be seen that Ψx(crown) for beech was slightly lower 
(i.e. more negative) than that for oak. Thus, it appeared that the leaves of the young beech 
tree needed to exert more power to pull water up from the soil in comparison with the 
young oak tree. As both trees were well-watered during their growing season, the possible 
cause could be the higher resistance along the xylem water flow pathway. The difference 
in hydraulic xylem resistance between both tree species will be discussed further in Section 
3.9.1.1. 
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Figure 3.30: ‘Young oak tree’-water relations: (a) simulated and measured sap flow 
rate at the stem base [F(stem)], (b) simulated and measured leaf water potential 
[Ψx(crown)], (c) simulated pressure potential of the stem storage pool [ )stem(spΨ ] 
and (d) simulated osmotic potential [ )stem(sπΨ ], total water potential of the stem 
storage pool [Ψs(stem)] and total water potential of the stem xylem [Ψx(stem)]. The 
simulations were obtained with the ’RCGro’ model. The dashed lines represent the 
beginning and the end of the day light period. 
 
Leaf water potential versus stem water potential 
Furthermore, Figure 3.29d and Figure 3.30d reveal that the stem water potential [Ψx(stem)] 
of the young trees was about half that of the leaf water potential [Ψx(crown)]. Tyree (1988) 
reported for his model that the diurnal range of bole water potentials was about one-third 
of that of the leaves; his result being based on preliminary calculations. According to the 
cohesion-tension theory this was expected, as the leaf water potential at the final end of the 
water flow pathway needs to be most negative in order to pull the water upwards.  
Stem xylem potential versus stem storage potential 
When comparing the water potential of the xylem with the storage compartment in the 
stem (Figure 3.29d and Figure 3.30d), no difference could be discerned. This is due to the 
high hydraulic conductivity of the membrane separating the stem storage compartment (i.e. 
bark) from the xylem compartment. The 95 % confidence interval of the estimated radial 
hydraulic conductivities (L) ranged from 1.11 × 10-7 to 5.6 × 10-8 m MPa-1 s-1 for beech 
(Table 3.6) and from 3.18 × 10-7 to 4.52 × 10-7 for oak (Table 3.7). These estimates are in 
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the range of the values obtained for giant algal cells (1.86 × 10-8 to 2.78 × 10-4 m MPa-1 s-1) 
and from cells of higher plant tissues (1.0 × 10-10 to 1.67 × 10-4 m MPa-1 s-1) as reported by 
Dainty (1976), Dale and Sutcliffe (1986) and Génard et al. (2001). As defined in Section 
3.3.2.2, this radial hydraulic conductivity (L) is inversely proportional to the hydraulic 
storage resistance (Rs) [Eq. (3.42)]. As such, a high L gives rise to a low Rs, which in turn 
results in a xylem water potential (next to the storage compartment) that approximates the 
storage water potential [Eq. (3.8)], as is confirmed in Figure 3.29d and Figure 3.30d. 
Stem storage potential and its components 
The flow and storage model also allows to separate the total water potential of the stem 
storage compartment [Ψs(stem)] into its individual components, i.e. the osmotic potential 
[ sπΨ ] and the pressure potential [ spΨ ] (Figure 3.29c, d and Figure 3.30c, d). Analysis of 
these variables is very valuable, because up till now it has not yet been possible to measure 
them continuously. Moreover, data on stem phloem osmotic potential are scarce in the 
literature, probably due to methodological problems (Rosner et al., 2001). The few 
reported values range from –0.24 to –2.5 MPa (Gessler et al., 2001; Rosner et al., 2001; 
Cernusak et al. 2003), which covers the range simulated by the flow and storage model.  
Stem storage pressure potential and the elastic modulus 
Given that the pressure potential in growing plant cells is typically in the range of 0.3 to 
1 MPa (Cosgrove, 1997), the model simulations yielded also realistic results for this 
variable (Figure 3.29c and Figure 3.30c). Furthermore, it is known that the elastic modulus 
ε depends on the pressure potential (Fanjul and Rosher, 1984; Nobel, 1999; Génard et al., 
2001). The flow and storage model allowed to visualize the diurnal changes in ε for beech 
and oak (Figure 3.31). 
 
Figure 3.31: Diurnal course of the elastic modulus ε for (a) the young beech tree and 
(b) the young oak tree. The simulations were obtained with the ‘RCGro’ model for the 
same day as shown in Figure 3.29 and Figure 3.30. The dotted lines represent the 
beginning and the end of the day light period. 
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Figure 3.31 illustrates that the amplitude of the day/night variation for beech is more 
narrow than for oak. The mean daytime ε calculated for beech and oak was found to be 
(18.5 ± 0.4) and (16.9 ± 1.9) MPa respectively. In general, a smaller elastic modulus 
indicates a greater elasticity of the cell walls (Lambers et al., 1998). Recalling the 
definition of ε [Eq. (3.22)], this means that cells with a small ε will have a high fractional 
change in volume for a given change in turgor, i.e. they are less rigid. This property in turn 
determines the water storage capacity or the hydraulic capacitance of cells (Larcher, 2003). 
Cells with a smaller ε can store and subsequently release more water than those with a 
higher ε. This is consistent with our measurements as the mean daily shrinkages of the bark 
(i.e. stem storage compartment) for oak were found to be always greater than the ones for 
beech [about 18 µm for oak (Figure 3.22) and 8 µm for beech (Figure 3.18)]. The fact that 
beech and oak indeed differ in elastic properties was also demonstrated by Backes and 
Leuschner (2000). These authors reported that the higher tissue elasticity of oak compared 
to beech may represent an adaptive strategy of oak to maintain high transpiration and 
carbon assimilation rates, even during periods of water limitation.      
3.9 Comparison of water relations and growth for beech and 
oak 
The last section of this chapter consists of two parts. First, a comparison between beech 
and oak in terms of water storage and hydraulic resistance is made based on the estimated 
parameters and simulation results presented in Sections 3.7.3 and 3.7.4. In the second part, 
the comparison is extended by analysing the evolution of some estimated model 
parameters throughout the young trees’ growing season. 
3.9.1 Comparison of the calibration data set 
To compare the young beech and oak tree in terms of sap flow dynamics, water storage 
capacities and hydraulic resistances, the calibration data sets (i.e. DOY 175-179) are used. 
These data sets were measured when both trees had full leaf development, while the stem 
diameter variations revealed considerable growth. As it was concluded from the FPE 
calculations that ‘RCGro’ is the better model candidate to predict sap flow dynamics and 
stem diameter variations, the parameter estimates and simulation results obtained with 
‘RCGro’ are used only. An additional advantage of this approach is that values of C are 
directly available, whereas for the ‘HydGro’ model a desorption curve has to be generated 
to finally compute C. 
3.9.1.1 Hydraulic resistance 
Discussing the water potential measurements (Section 3.8.3), it was already mentioned that 
beech and oak were expected to have a different hydraulic xylem resistance against water 
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flow. This was indeed confirmed by the parameter estimates of Rx. For beech, a value of 
0.1829 MPa s mg-1 was found with a 95 % confidence interval of [0.1824 – 0.1834], 
whereas Rx was 0.1072 MPa s mg-1 for oak with a 95 % confidence interval of [0.1057 – 
0.1087].  
    
Based on the knowledge about their wood anatomy (see also Chapter 4), this result was 
somewhat expected. Indeed, the xylem tissue of beech is classified as diffuse-porous, 
whereas oak xylem tissue is ring-porous (see Chapter 2; Figure 2.1). This means that beech 
has many small pores equally distributed over the entire growth ring; whereas the growth 
ring of oak is characterised by a small number of big pores in the earlywood and many 
small pores in the latewood. Referring to the Hagen-Poiseuille’s equation [Eq. (1.8)], this 
difference in anatomy should result in a higher hydraulic xylem resistance against water 
flow for the diffuse-porous beech tree than is the case for the ring-porous oak tree.  
 
Calculating the ratio between the two estimated parameters revealed that xylem resistance 
of beech was (1.71 ± 0.01) times larger than that of oak. As it was intended in this study to 
translate the Rx model parameter in physiological terms, an attempt was made to infer the 
hydraulic xylem resistance of the young trees from wood anatomical characteristics. As 
this constitutes a challenge on its own, this subject will be described in full detail in the 
next chapter. 
3.9.1.2 Hydraulic capacitance 
From the elastic modulus calculations (ε) in Section 3.8.3, it was found that the elasticity 
of the bark tissue of oak was greater than that of beech, suggesting that oak tissue could 
store and release more water per unit pressure drop compared to beech. Larcher (2003) 
indeed reported that the hydraulic capacitance C [i.e. the ratio of the change in the amount 
of stored water to the change in water potential of the storage pool; Eq. (3.49)] of tissues 
directly depends on the elasticity of the tissue.  
 
Model identification for beech and oak indeed revealed a difference in hydraulic 
capacitance, and this for the stem and the crown storage compartment respectively. For 
beech, C(stem) and C(crown) values of (212.3 ± 0.5) and (1157.6 ± 100.4) mg MPa-1 
respectively were estimated; whereas for oak these estimates were (939.8 ± 15.6) and 
(3278.6 ± 107.8) mg MPa-1 respectively. Thus, the tissues of both the crown and the stem 
storage compartment of the young oak tree had higher hydraulic capacitances compared to 
the young beech tree. This is explained by their differences in tissue elasticity. As such, the 
larger diurnal shrinkages of oak (Figure 3.22) compared to beech (Figure 3.18) could be 
attributed to the higher hydraulic capacitance and higher elasticity of its bark tissue.  
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Comparison between these results and the ones reported in the literature was difficult, as 
there is little agreement about the units used for capacitance (Aumann and Ford, 2002). In 
some cases, comparison was even impossible (e.g. Domec and Gartner, 2003). 
Notwithstanding this problem, an attempt was made to give an overview of some published 
results.  
 
In their review, Hunt et al. (1991) compared some water flow model parameters for four 
plant species. A synthesis of their results is reproduced in Table 3.8. The intention of the 
authors was to indicate how resistance and capacitance parameters might vary from small 
grasses over shrubs to a conifer and a small deciduous hardwood tree. However, this table 
only reports results of one species for each plant group, which might lead to the wrong 
conclusion that conifers always have smaller capacitance values [i.e. C(leaf) and C(stem)] 
than hardwood trees. However, literature review showed that this was not always the case. 
Therefore, additional references for capacitances and resistances are reported in Table 3.9. 
 
Table 3.8: Some measured values of resistances and capacitances for various plant 
species. Used symbols: C is the capacitance for the specified organ, Rs(stem) is the 
storage resistance of the stem, Rx(stem) is the xylem resistance of the stem (adapted 
from Hunt et al., 1991). 
 Unit Grass Shrub Conifer Hardwood 
Genus  Hilaria Encelia Pinus Malus 
Species  rigida farinosa contorta pumila 
Height m 0.4 0.3 5.3 2.5 
C(leaf) mg MPa-1 1400 13000 10000 19000 
C(stem) mg MPa-1 1100 29000 170000 350000 
Rs(stem) MPa s mg-1 0.045 0.045 0.025 0.020 
Rx(stem) MPa s mg-1 0.033 0.0011 0.0069 0.0014 
 
In Table 3.9 the capacitance values are divided into two major groups depending on 
whether they are normalised with respect to leaf surface area for C(leaves) and stem 
volume for C(stem) or not. Tyree and Ewers (1991) noted that it is customary to define the 
tissue capacitance as C per unit tissue volume or per unit tissue dry mass or, for leaves, per 
unit area, since the size of C is proportional to the size of the tissue in question. Jones 
(1978), on the contrary, remarked that neither leaf area nor volume are ideal bases for 
expressing C, but that it is common practice to allow as such comparison with other 
studies. As shown in Table 3.9 capacitances are sometimes also normalised per unit tissue 
fresh weight (Landsberg et al., 1976) or per unit sapwood volume (Meinzer et al., 2003). 
This clearly indicates that indeed there is little agreement in the literature about the units 
used for capacitance. 
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Table 3.9: Literature review of different hydraulic capacitance and resistance 
parameters. Each reference gives the plant material, the value and the unit of the 
parameter, and where needed additional remarks are added. Used symbols: C is the 
capacitance, Rx is the xylem resistance, Rs is the storage resistance, D is the stem 
diameter and h is the stem height. 
Reference Plant material Parameter Value Unit Remark 
Kobayashi and Tanaka, 2001 Pinus densiflora C(stem) 1440000 mg MPa-1 D = 0.166 m 
 Quercus mongolica C(stem) 440000 mg MPa-1 D = 0.199 m 
Wronski et al., 1985 Pinus radiatia C(stem) 1500000  
2100000 
mg MPa-1  
Milne and Young, 1985 Picea sitchensis C(tree) 1500000 mg MPa-1 h = 7 m 
  Rx(stem) 0.0063 MPa s mg-1  
  Rs(stem) 0.0093 MPa s mg-1  
Lhomme et al., 2001 Quercus ilex C(tree) 200000 mg MPa-1 D = 30-90 mm 
      
Normalised values      
Tyree and Ewers, 1991 Acer saccharum C(leaves) 0.006 kg MPa-1 m-2 leaf area 
  C(stem) 20 kg MPa-1 m-3 stem volume 
 Thuja occidentalis C(leaves) 0.04 kg MPa-1 m-2  
  C(stem) 20 kg MPa-1 m-3  
 Schefflera morotoni C(leaves) 0.01 kg MPa-1 m-2  
  C(stem) 30 − 200 kg MPa-1 m-3  
Meinzer et al., 2003 4 tropical forest trees C(stem) 83 − 416 kg MPa-1 m-3 sapwood 
volume 
Tyree, 1988 Thuja occidentalis C(stem) 110 kg MPa-1 m-3 stem volume 
Landsberg et al., 1976 Malus pumila C(stem) 21300 mg MPa-1  
   0.02 kg MPa-1 kg-1 fresh weight 
  C(leaves) 0.01 mg MPa-1 m-2 leaf area 
  Rx(plant) 0.1 MPa s mg-1  
 
Furthermore, comparing results reported in Table 3.8 and Table 3.9 reveals that no general 
value for the capacitance of a tree can be defined. For example, Table 3.8 reports a stem 
capacitance value of 350000 mg MPa-1 for Malus pumila, whereas the value for the same 
tree reported by Landsberg et al. (1976) (Table 3.9) was about 15 times smaller. Also for 
Thuja occidentalis a difference in normalised stem capacitance is displayed in Table 3.9: a 
C(stem) of 20 versus 110 kg MPa-1 m-3 found by Tyree and Ewers (1991) and Tyree (1988) 
respectively. 
 
Compared to the results reported in literature, it can be concluded that the capacitance 
values estimated for the young beech and the young oak tree were rather low, even when 
the values were normalized per unit volume of bark tissue for C(stem) or per unit leaf area 
for C(crown), i.e. 3.5 and 16.9 kg MPa-1 m-3 for beech and oak respectively and 0.0029 and 
0.0038 kg MPa-1 m-2 for beech and oak respectively. However, it is noteworthy to remark 
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that all literature values referred to adult trees and that other tree species were investigated 
than the ones used in this study. 
3.9.1.3 Growth parameters 
So far, only the hydraulic parameters of the flow and storage model have been discussed. 
However, the model also contains parameters related to growth of which the empirical 
parameter β (used to calculate the initial condition of the pressure potential of the stem 
storage compartment) and the cell wall extensibility φ were identified during model 
calibration. The dimensionless parameter β [Eq. (3.52)] was estimated to be (0.3385 ± 
0.0002) and (0.3311 ± 0.0001) for beech and oak respectively; whereas the φ  value was 
found to be (2.34×10-7 ± 2.83×10-9) MPa-1 s-1 and (6.95×10-7 ± 3.41×10-9) MPa-1 s-1 
respectively. The cell wall extensibility usually ranges from 8.33×10-6 to 5.56×10-5 MPa-1 
s-1 (Hsiao et al., 1998), which is one order of magnitude higher than the values estimated 
for beech and oak. This is probably true because φ is usually measured on very young and 
very extensible leaf tissues, whereas the estimates here refer to the bark tissue of 2-year 
and 3-year old trees. Also Génard et al. (2001) attributes the higher extensibility found (i.e. 
3.19×10-7 MPa-1 s-1) for plum roots to the fact that the roots were 5 years old. Hence, their 
results are in good agreement with the estimates for bark tissues reported here. Note that 
the extensibility describes the rate at which cells undergo irreversible expansion whenever 
the wall-yielding threshold pressure Γ (i.e. the critical value for the pressure potential of 
the storage compartment) is exceeded. As such and mentioned before, extensibility (φ) 
contrasts with elasticity (ε), which refers to the reversible changes in cell dimensions 
(Jones, 1992). 
 
Whereas the flow and storage model was not very sensitive to the extensibility of cell 
walls, it was very sensitive to the empirical parameter β introduced to calculate the initial 
value of the pressure potential of the stem storage compartment. Using the estimates of β, 
the initial pressure potential of the stem storage pool for beech and oak was found to be 
0.98 and 0.96 MPa respectively. Given that the wall-yielding threshold pressure Γ is 0.9 
MPa and that the pressure potential in the storage compartment is the driving force for 
growth, it was revealed that the rather small pressure difference )( sp Γ−Ψ  was sufficient to 
induce considerable growth for both the beech and the oak tree stems. 
3.9.1.4 Diurnal water storage capacity 
As defined by Goldstein et al. (1998), the diurnal water storage capacity (DWSC) 
represents the total amount of water that can be withdrawn from the storage compartments 
(trunk, branches and leaves) during the day to replenish the water lost by transpiration. 
This water is subsequently replaced over a 24 h cycle. The fact that the flow and storage 
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model makes a distinction between flow into and out of the crown and stem water storage 
pool, permits computation of their individual diurnal water storage capacity. This, in turn, 
allows estimation of the separate contribution of each storage pool (stem and crown) to the 
total daily leaf transpiration of the young trees. For this purpose, the total diurnal stem and 
crown water storage capacity of both young trees was calculated by summing the absolute 
values of the negative simulated 5-min interval values of f(stem) and f(crown) respectively, 
each multiplied by the time interval of 5 min.  
 
To perform these calculations, the same period (i.e. DOY 175-179) was selected as was 
used for calibration of the flow and storage model for beech (Section 3.7.3) and oak 
(Section 3.7.4) respectively. In Figure 3.32 the simulated flow rates into and out of the 
crown and stem water storage compartments are depicted. From these graphs, the diurnal 
water storage capacity (DWSC) was calculated. The results are presented in Table 3.10, 
together with the total daily leaf transpiration (E) and the contributions to E of stored stem 
and crown water, respectively. The values for E were calculated from Figure 3.17c and 
Figure 3.21 for beech and oak respectively. 
 
Figure 3.32: Simulated flows [f(pool)] into and out of the stem and crown water 
storage pool (DOY 175-179) for (a) the young beech tree and (b) the young oak tree. 
The dotted lines represent the beginning and the end of the day light period. Negative 
values indicate depletion of the respective water storage pool, while positive values 
indicate replenishment of the pools. 
 
Figure 3.32 and Table 3.10 provide evidence for the use of internally stored water from the 
stem and the crown in order to meet transpirational demands (at times when water losses 
exceed water uptake from the soil). It reveals that the daily amount of water withdrawn 
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from the storage pools and subsequently replaced was higher for oak compared to beech. 
As for the stem storage pool, this was expected because the elasticity of the bark tissue of 
oak was greater than that of beech. Furthermore, Table 3.10 shows that the contribution of 
stored stem water to the total daily leaf transpiration was smaller than that of the crown. In 
total, the contribution to E was calculated to be 1.46 % for beech, which was only half that 
of oak. 
 
Table 3.10: Total daily leaf transpiration (E) of the young beech and the young oak 
tree during the period DOY 175-179, the diurnal water storage capacity (DWSC) and 
contributions of stored stem and crown water to total E.     
  Beech Oak 
  DWSC 
(g d-1) 




Contribution to E 
(%) 
Total daily E   330.3  359.1  
Stem  0.47 0.14 1.32 0.37 
Crown  4.37 1.32 8.87 2.47 
Total  4.84 1.46 10.19 2.84 
 
Reported estimates of the contribution of stored water to total daily transpiration vary 
widely in the literature, ranging from 2 to 25 % (Schulze et al., 1985; Tyree and Yang, 
1990; Tyree and Ewers, 1991; Loustau et al., 1996; Goldstein et al., 1998; Kobayashi and 
Tanaka, 2001; Phillips et al., 2003) to as much as 30−50 % (Waring et al. 1979; Holbrook 
and Sinclair, 1992). Notwithstanding the fact that the contributions reported in Table 3.10 
are rather low, they were indispensable to provide leaves of extra water at times when 
water uptake from the soil was too low. 
3.9.2 Analysis of tree-water relations throughout the growing 
season 
Whereas in the previous section the estimated parameters for beech and oak were 
compared during a period of the growing season where the young trees had full leaf 
development and showed considerable stem growth, this section is intended to show how 
the estimated parameters and some inferred variables evolve throughout the growing 
season. In this respect, three additional data subsets were selected, i.e. one at the beginning 
and one at the end of the growing season and one about one and a half month later than the 
calibration and validation data set. The time frame that the flow and storage model uses to 
predict the stem diameter variation is between a day and two weeks. It was found that 
selection of a longer time frame resulted in less good predictions of the stem diameter 
variations. This is due to the time dependency of some of the model parameters. Therefore, 
the model needed to be re-identified for each of the new selected data subsets. 
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3.9.2.1 Case of beech 
To compare the evolution of both the parameters and the inferred simulation results for the 
young beech tree, 4 data subsets were selected: ‘Period 1’ at the beginning of the growing 
season (DOY 121-125), ‘Period 2’ in the first part of the middle growing season (DOY 
175-186, calibration and validation data set), ‘Period 3’ in the second part of the middle 
growing season (DOY 233-235) and ‘Period 4’ at the end of the growing season (DOY 
273-275). 
 
For each of these periods, the ‘RCGro’ model was identified using the whole-tree leaf 
transpiration (E) as input variable and the sap flow measured at stem base [F(stem)] 
together with the stem diameter variation (D) for model calibration. Table 3.11 shows the 
estimated parameter values for each period, together with the error percentage and the 
95 % confidence interval for the estimated parameters. 
 
Table 3.11: Estimated parameters for 4 selected periods throughout the growing 
season of the young beech tree. The 95 % confidence interval (95 % CI) and the error 
percentage (error %) are also given. 








C(stem) (mg MPa-1) 1115.5 212.3 63.9 74.4 
   95 % CI [1105.8−1125.2] [211.8−212.8] [63.3−64.5] [71.8−77.0] 
   Error % 0.87 0.22 0.91 3.49 
     
C(crown) (mg MPa-1) 1447.5 1157.6 763.6 766.2 
   95 % CI [1393.8−1501.1] [1057.2−1258.0] [653.3−873.9] [652.4−879.9] 
   Error % 3.71 8.67 14.45 14.85 
     
Rx (MPa s mg-1) 0.1830 0.1829 0.1849 0.1899 
   95 % CI [0.1823−0.1838] [0.1824−0.1834] [0.1847−0.1852] [0.1835−0.1964] 
   Error % 0.41 0.28 0.13 3.39 
     
β (-) 0.3441 0.3385 0.3189 − 
   95 % CI [0.3440−0.3442] [0.3383−0.3386] [0.3188−0.3189] − 
   Error % 0.02 0.05 0.01 − 
     
φ  (MPa-1 s-1) 5.10 × 10-7 2.34 × 10-7 9.77 × 10-8 − 
   95 % CI [5.09×10-7−5.12×10-7] [2.32×10-7−2.37×10-7] [9.67×10-8−9.86×10-8] − 
   Error % 0.27 1.21 1.00 − 
     
L (m MPa-1 s-1) 1.13 × 10-7 8.38 × 10-8 2.03 × 10-7 7.42 × 10-8 
   95 % CI [9.75×10-8−1.28×10-7] [5.62×10-8−1.11×10-7] [1.30×10-7−2.76×10-7] [1.12×10-8−1.37×10-7]
   Error % 13.5 32.96 36.02 84.89 
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Using the best-fit parameters listed in Table 3.11, the flow in and out of the stem and 
crown storage compartment [f(stem) and f(crown)] were simulated, from which the total 
diurnal water storage capacities of the stem and the crown were calculated as described in 
Section 3.9.1.4. The results are presented in Table 3.12, together with the mean total daily 
leaf transpiration (E) of the young beech tree and the contributions to E of stored stem and 
crown water. 
 
Table 3.12: Mean total daily leaf transpiration (E) of the young beech tree for 4 
selected periods throughout the growing season. The diurnal water storage capacity 
(DWSC) of stem and crown and the contributions of stored stem and crown water to 
total E are also shown.    








Total daily E (g d-1) 209.1 330.3 269.5 143.5 
     
DWSC stem (g d-1) 1.09 0.47 0.15 0.10 
DWSC crown (g d-1) 2.86 4.37 3.50 1.81 
Total DWSC (g d-1) 3.95 4.84 3.65 1.91 
     
Contribution stem (%) 0.52 0.14 0.05 0.07 
Contribution crown (%) 1.37 1.32 1.30 1.26 
Total contribution (%) 1.89 1.46 1.35 1.33 
 
The model outputs for F(stem) and D obtained with the best-fit parameters listed in Table 
3.11 are depicted in Figure 3.33. The measured data is also shown for comparison. 
 
Table 3.11 shows that in Period 1 the capacitances of both the crown and the stem storage 
compartment were of the same order of magnitude. Later in the growing season, the value 
of both capacitances decreased; the decrease in C(stem) being more pronounced. As for the 
stem, this resulted in smaller diurnal diameter fluctuations (Figure 3.33b), which could be 
attributed to a change in the elastic modulus ε (Nobel, 1999). It was found that ε of the 
stem storage tissue increased from 14 to 19 MPa throughout the growing season, indicating 
that the cell wall elasticity decreased as the stem storage tissue grew older. With exception 
of Period 4, the hydraulic xylem resistance Rx of the young beech tree did not change 
throughout the growing season. This indicates that, although the stem was still growing 
and thus producing new vessels, the influence on Rx was negligible. Note that the higher 
resistance found at the end of the growing season should be interpreted with some caution 
as the error percentage on the estimated value at this time of the year was rather large. 
 
As for the growth parameters β and φ, a slight decrease was observed throughout the 
growing season. The slight decrease in the experimental parameter β caused a small 
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decrease in initial pressure potential of the stem storage compartment (from 0.99 MPa in 
‘Period 1’ over 0.98 MPa in ‘Period 2’ to 0.92 MPa in ‘Period 3’), which in turn resulted in 
a smaller difference ( Γ−Ψ sp ). Together with the lower cell wall extensibility φ, this yields 
a smaller irreversible expansion or growth of the stem diameter throughout the growing 
season. This is illustrated in Figure 3.33b. For the hydraulic conductivity L of the 
membrane separating the storage compartment from the xylem, a value between 7.42×10-8 
and 2.03×10-7 m MPa-1 s-1 was estimated. As can be seen from the error percentages, L is 
the parameter that could be identified the least accurate, which was expected from the 
results of the sensitivity analysis (Section 3.6). It is also noteworthy to remark that the 
parameters β and φ could not be identified during Period 4. This was due to the fact that 
the stem diameter did not grow any more during that period. In this respect, the parameters 
related to the ‘stem diameter variation’ submodel could no longer be estimated. In 
addition, the error percentages of the other parameter estimates increased substantially at 
the end of the growing season. As such, it can be concluded that, in order to successfully 
identify the flow and storage model, data containing sufficient dynamics regarding sap 
flow and diameter variation are necessary.   
 
Figure 3.33: Comparison between (a) measured and simulated sap flow rate at stem 
base [F(stem)] and (b) measured and simulated stem diameter variation (D) for 4 
selected periods throughout the growing season and for the young beech tree. 
Measured data were obtained every 5 minutes. Simulations were obtained with 
‘RCGro’. The dotted lines represent the beginning and the end of the day light period. 
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From Table 3.12, it can be seen that the mean daily transpiration was low at the beginning 
of the growing season, remained more or less constant during the middle part and 
decreased again towards the end. This trend is also visualized in the sap flow rate shown in 
Figure 3.33a. As such, it was found that the young beech tree consumed about 300 g of 
water per day during the middle of the growing season. As for the total contribution of 
stored water to the daily transpiration of the young beech tree, a slight decrease throughout 
the growing season was found. From the separate contributions of stem and crown, it was 
also found that the contribution of stored crown water remained rather constant, whereas 
the contribution of stored stem water decreased substantially. This is related to the decrease 
in stem storage capacitance throughout the growing season. Despite the fact that those 
contributions were rather low, they were essential for the correct simulation of the sap flow 
dynamics. 
3.9.2.2 Case of oak 
To study the evolution of the model parameters with time for the young oak tree, the same 
approach as used for beech was adopted. Four similar periods throughout the growing 
season were selected, and the data of these subsets were then used to identify the model 
parameters of ‘RCGro’. Table 3.13 shows the estimated parameter values for the young 
oak tree for each period, together with the error percentage and the 95 % confidence 
interval for the estimated parameters. 
 
As was done for the beech tree, the total diurnal water storage capacities for the stem and 
the crown of the young oak tree were calculated using simulations of f(stem) and f(crown). 
The results are shown in Table 3.14, together with the mean total daily leaf transpiration 
(E) of the young oak tree and the contributions to E of stored stem and crown water. 
 
The model outputs for F(stem) and D obtained with the best-fit parameters listed in Table 
3.13 are visualized in Figure 3.34, together with the measured data for comparison. 
 
As shown in Table 3.13, the hydraulic parameters C(stem) and C(crown) were of the same 
order of magnitude at the beginning of the growing season. This result was very similar to 
the one found for the young beech tree, with this difference that for the young oak tree the 
capacitance of the stem storage pool was found to be slightly higher than that of the crown. 
As the growing season proceeded, the capacitance of the crown increased towards Period 
2, probably due to the development of additional leaf area. The capacitance then remained 
fairly constant during the remainder of the growing season. The capacitance of the stem 
storage pool, on the contrary, decreased. This was also reflected by the less pronounced 
diurnal diameter fluctuations in function of time (Figure 3.34b). As was found for the 
young beech tree, this could also be attributed to the increase in elastic modulus ε of the 
cell walls (varying from 12 to 18 MPa for the young oak tree). Thus, as the elasticity of the 
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stem storage tissue decreased in function of time, the water that could be withdrawn from 
the stem storage pool decreased. Whereas the hydraulic xylem resistance (Rx) of the beech 
tree was found to be constant throughout the growing season, a slight increase in Rx was 
revealed for the young oak tree between Period 1 and Period 2. This was probably due to 
the production of smaller latewood vessels following the large earlywood vessels that were 
already produced prior or parallel to leaf expansion (Hacke and Sauter, 1996; Cochard et 
al., 1997). 
 
Table 3.13: Estimated parameters for 4 selected periods throughout the growing 
season of the young oak tree. The 95 % confidence interval (95 % CI) and the error 
percentage (error %) are also given. 








C(stem) (mg MPa-1) 2525.4 939.8 717.8 362.9 
   95 % CI [2493.2−2557.6] [924.2−955.4] [708.8−726.9] [356.4−369.3] 
   Error % 1.27 1.66 1.26 1.77 
     
C(crown) (mg MPa-1) 2040.9 3278.6 3308.2 3158.9 
   95 % CI [1885.7−2196.2] [3170.8−3386.4] [3150.9−3465.5] [2964.4−3353.3] 
   Error % 7.61 3.29 4.75 6.16 
     
Rx (MPa s mg-1) 0.1002 0.1072 0.1087 0.1099 
   95 % CI [0.0999−0.1005] [0.1057−0.1086] [0.1069−0.1106] [0.1080−0.1118] 
   Error % 0.27 1.36 1.72 1.76 
     
β (-) 0.3380 0.3311 0.3262 − 
   95 % CI [0.3379−0.3381] [0.3310−0.3312] [0.3260−0.3264] − 
   Error % 0.03 0.03 0.06 − 
     
φ  (MPa-1 s-1) 7.40 × 10-7 6.95 × 10-7 3.01 × 10-7 − 
   95 % CI [7.37×10-7−7.44×10-7] [6.92×10-7−6.99×10-7] [2.98×10-7−3.04×10-7] − 
   Error % 0.49 0.49 1.01 − 
     
L (m MPa-1 s-1) 8.75 × 10-8 3.85 × 10-7 4.76 × 10-7 9.97 × 10-8 
   95 % CI [7.98×10-8−9.53×10-8] [3.18×10-7−4.51×10-7] [2.55×10-7−6.98×10-7] [8.62×10-8−1.13×10-7]
   Error % 8.82 17.3 46.5 13.4 
 
As for the growth parameters β and φ, the conclusions found for the beech tree also hold 
here. Thus, the slight decrease in both β and φ as function of time, caused the stem 
diameter to grow more slowly as the growing season proceeded. As for the hydraulic 
conductivity L it can be concluded that its value is of the same order of magnitude as the 
one for beech. However, absolute values of this parameter should be used with care as the 
error percentages calculated for L are rather high. 
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Table 3.14: Mean total daily leaf transpiration (E) of the young oak tree for 4 selected 
periods throughout the growing season. The diurnal water storage capacity (DWSC) 
of stem and crown and the contributions of stored stem and crown water to total E are 
also shown.    








Total daily E (g d-1) 165.5 359.1 348.6 298.8 
     
DWSC stem (g d-1) 1.67 1.32 1.02 0.40 
DWSC crown (g d-1) 3.05 8.87 9.09 5.87 
Total DWSC (g d-1) 4.72 10.19 10.11 6.27 
     
Contribution stem (%) 1.01 0.37 0.29 0.13 
Contribution crown (%) 1.84 2.47 2.61 1.96 
Total contribution (%) 2.85 2.84 2.90 2.10 
 
 
Figure 3.34: Comparison between (a) measured and simulated sap flow rate at stem 
base [F(stem)] and (b) measured and simulated stem diameter variation (D) for 4 
selected periods throughout the growing season and for the young oak tree. Measured 
data were obtained every 5 minutes. Simulations were obtained with ‘RCGro’. The 
vertical dotted lines represent the beginning and the end of the day light period. The 
arrows in (b) indicate the axis on which the D values should be read. 
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Concerning the sap flow dynamics of oak, a similar trend as for beech was observed 
(Figure 3.34a): sap flow increased at the beginning of the growing season, remained fairly 
constant throughout the middle part and then decreased again towards the end. The average 
water consumption of the young oak tree during the main part of the growing season was 
estimated to be 355 g per day (Table 3.14), being slightly higher than that of beech. As for 
the contribution of stored water, some differences were found in comparison with beech. 
Whereas the total contribution of stored water to E decreased for beech, a fairly constant 
contribution to E was found for the young oak tree. Furthermore, Table 3.14 reveals that 
the decrease in contribution of stored stem water, was completely counterbalanced by the 
contribution of stored crown water.  
 
To conclude, it can be stated that the flow and storage model, despite its ‘simplicity’, is a 
very useful tool to study the evolution of important parameters related to sap flow 
dynamics of young trees and water storage in function of time.  
3.10 Conclusions 
In this chapter, a mathematical flow and storage model for water transport in young trees 
was developed and discussed. The flow and storage model relates the sap flow dynamics, 
and thus the changes of stored water in the storage compartment of the stem, to the diurnal 
fluctuations of the stem diameter. In addition, the growth component for the stem diameter 
variation is included.  
 
Following a synthesis of the dynamic sap flow results obtained with the experimental 
system described in Chapter 2, and after reviewing some already existing water transport 
models, a theoretical description of the flow and storage model was given in Section 3.3. 
The new model consists of two submodels: the ‘water relations’ submodel and the ‘stem 
diameter variation’ submodel. Two different approaches for the ‘water relations’ submodel 
were highlighted, i.e. the hydraulic approach (referred to as ‘HydGro’) and the resistance-
capacitance electrical circuit approach (referred to as ‘RCGro’). The equations of both 
approaches for the flow and storage model were implemented in WEST in order to perform 
simulation and parameter estimation experiments.  
 
The comparison of ‘HydGro’ and ‘RCGro’ in Section 3.5 revealed that the small 
differences observed in simulation results of sap flow at stem base on the one hand and 
stem diameter variations on the other could be attributed to the method by which the 
capacitances of stem and crown were calculated in the ‘water relations’ submodel. Based 
on the sensitivity analysis of both approaches for the flow and storage model, a subset of 
model parameters to be estimated was proposed. The remaining parameters were given an 
assumed value, either taken from literature or directly measured or calculated from 
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measurements. Both ‘HydGro’ and ‘RCGro’ were identified from experimental data 
obtained on young beech and oak trees. Particular attention was thereby paid to the quality 
of and the confidence in the estimated parameters. It was shown that not only the results of 
model calibration were very good, but that both models successfully passed the model 
validation (model testing) procedure as well. This increased the level of confidence in both 
models. The good predictive power found for both approaches might indicate that the 
underlying mechanisms driving the flow and storage model describe the real physiological 
processes involved in water transport quite well. It was also stressed that the fit of the 
models to the data of the variation in stem diameter was more appropriate compared to 
stem sap flow for evaluating the differences between ‘HydGro’ and ‘RCGro’, because the 
dynamics due to the steady-state water balance are eliminated from this variable. Based on 
the calculation of the Final Prediction Error, an objective model selection criterion, 
‘RCGro’ turned out to be the better model candidate to simulate the sap flow dynamics and 
stem diameter variations. This model showed better model fits and was less complex (less 
parameters to be estimated) compared to ‘HydGro’.  
 
Furthermore, the additional validation based on water potential profiles revealed that also 
‘tree-water’ relations could be predicted in a very reliable way (although these 
measurements were not included in the calibration step). Simulations showed that the 
diurnal shrinkage in stem diameter was closely linked to the elastic modulus and, hence, to 
the elasticity of the storage tissues (the stem storage tissues of oak being more elastic than 
that of beech).  
 
The last part of the chapter compared and analysed the young beech and oak tree in terms 
of hydraulic resistance, hydraulic capacitance, growth rate and diurnal water storage 
capacity. The evolution of these characteristics as a function of time turned out to be very 
valuable. The analysis throughout the growing season also revealed that, for a successful 
identification of the flow and storage model, data are needed that contain sufficient 
dynamic information on both the sap flow dynamics and the stem diameter variations 
(daily changes + growth).  
 
Based on the results obtained in this chapter, it can be concluded that the flow and storage 
model is a very powerful tool for detailed and fundamental research on sap flow dynamics, 
stem diameter variations and ‘tree-water’ relations. As it also allows a successful 
assessment of important hydraulic parameters throughout the growing season, the results 
obtained in this study can be considered as an interesting contribution to further increase 
our knowledge on the quantitative aspects of tree-water relations. However, as already 
mentioned in Chapter 1 of this thesis, such a realistic dynamic model should not be used 
for the purpose of understanding in research and education only, but it should find its way 
into more practical applications. In this respect, a lot of potential lies in the ‘speaking 
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plant’ concept. Continuous predictions of the water potential, for example, might allow 
continuous evaluation of the water status of crops and plants in agriculture, which might 
then be used to control irrigation and growth conditions in a more objective way instead of 





















Chapter 4 X-ray computed microtomography of 
young tree stems and its hydraulic 




Part of this chapter is in press: 
 
Steppe, K., Cnudde, V., Girard, C., Lemeur, R., Cnudde, J.-P. and Jacobs, P. (2004). 
Use of X-ray computed microtomography for non-invasive determination of 
wood anatomical characteristics. Journal of Structural Biology. 
 
 
In Chapter 3 a mathematical flow and storage model for water transport in young trees has 
been described. Identification of the model from experimental data obtained on young 
beech and oak trees revealed that the estimated hydraulic resistance parameter Rx was 
higher for beech than for oak; this being attributed to their difference in wood anatomy. In 
this chapter, experimental evidence will be provided on the fact that xylem anatomy indeed 
importantly affects the hydraulic water transport function of young trees. In the first part of 
this chapter, X-ray computed microtomography (microCT) will be presented as a new 
approach for non-invasive determination of the anatomical characteristics of small wood 
samples. This technique will be compared with classical microtomy and light microscopy. 
In addition, new software (developed at the Laboratory of Sedimentary Geology and 
Engineering Geology, in order to facilitate the image processing of 2-D microCT slices) 
will be discussed and tested for its accuracy to determine wood anatomical characteristics. 
In the second part of this chapter, the quantitative data of the wood anatomical 
characteristics will be used to calculate the stem specific hydraulic conductivity of young 
beech and oak trees. The link with the model parameter Rx will be established.  
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4.1 Use of X-ray microCT for non-invasive determination of 
wood anatomical characteristics  
4.1.1 Introduction 
Many research topics need a quantitative analysis of wood anatomical characteristics. For 
instance, in palae-oecological research, the diameter of successive tracheid cells measured 
across growth rings may be used to distinguish wood tissue produced by deciduous and 
evergreen fossil coniferopsid species (Falcon-Lang, 2000). In tree physiological research, 
the specific hydraulic conductivity of the wood matrix in stems and branches is often 
estimated theoretically from xylem anatomical characteristics using the Hagen-Poiseuille’s 
equation (e.g. James et al., 2003; see also Section 4.2). This specific hydraulic conductivity 
of the stem and the branches may change when living trees are subjected to water stress 
(Lovisolo and Schubert, 1998), low-light conditions (Schultz and Matthews, 1993; 
Hoffmann and Schweingruber, 2002) or elevated CO2 concentrations (Atkinson and 
Taylor, 1996; Gartner et al., 2003) as the vessel size and/or the amount of vessels per unit 
xylem area may change during these events. As such, a lot of researchers need quantitative 
data of wood anatomical characteristics. 
 
To date, quantification of the xylem anatomy has mainly been done using classical 
microtomy; often in combination with digital analysis of optical micrographs obtained 
from stained thin sections (Section 4.1.5). However, classical cross-section microtomy is 
not always practical because of difficulties related to the time and effort needed for sample 
preparation, and to the probability of damage incurred during sample preparation (Bentley 
et al., 2002). X-ray computed microtomography (microCT), being the high resolution 
variant of the medical CT scanner, overcomes such limitations (Section 4.1.3) as a series of 
non-invasive views through the sample (i.e. radiographic projections recorded from 
different viewing angles) are reconstructed mathematically into transverse two-
dimensional (2-D) cross-sections with micrometer resolution. Moreover, X-ray microCT 
also provides a means to study the three-dimensional (3-D) internal microstructure of the 
sample. In combination with adequate software, automatic image processing of the 2-D 
and the 3-D images can be performed in limited time. 
 
X-ray microCT has found its application in a number of research disciplines, e.g. soil 
science (Perret et al., 1999), geology (Bentz et al., 2000; Van Geet et al., 2001), hydrology 
(Wildenschild et al., 2002), plant physiology (Fromm et al., 2001) and human physiology 
(Bentley et al., 2002). The purpose of this chapter is to demonstrate that microCT can also 
be successfully applied within the scope of wood anatomical research. It is tested in 
Section 4.1.8 whether transverse cross-sections obtained with this novel technique can be 
used for quantifying wood anatomical characteristics instead of optical micrographs of 
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stained thin sections. New software, developed at the Laboratory of Sedimentary Geology 
and Engineering Geology (Ghent University), was thereby used to analyse the microCT 
images in order to automatically determine the inner vessel diameter, the transverse cross-
sectional surface area of the vessels, the vessel density and the porosity. In Section 4.1.7, 
particular attention is paid to the correct performance and accuracy of this new software. 
As a case study, samples of stem wood for the young beech and oak tree were analysed for 
differences in vessel anatomy. For this purpose, the performance of X-ray microCT was 
evaluated against the use of optical micrographs obtained by conventional microtomy. 
Finally, in Section 4.1.9 the potential of microCT to create 3-D renderings of the xylem 
microstructure is evaluated. 
4.1.2 Plant material 
To evaluate the performance of X-ray microCT against the use of optical micrographs 
obtained by conventional microtomy, samples of a young beech and oak tree were used as 
test trees. Therefore, after eight months of sap flow experiments in the growth room 
(Chapter 2 and Chapter 3), the stems of the young trees were cut into pieces of about 30 
mm length. The cut stem segments were softened and stored in a mixture of glycerine-
ethanol (50 % v/v) until they were used for either the novel X-ray microCT technique or 
classical microtomy. 
4.1.3 X-ray computed microtomography (microCT) 
Small wood cubes of 5 × 5 × 25 mm (B × H × L) were cut out of the stored stem segments 
for further analysis. To obtain X-ray microtomographical images of the wood samples a 
‘SkyScan 1072’ microtomograph was used [Figure 4.1; property of the Laboratory of 
Sedimentary Geology and Engineering Geology (Ghent University); head: Prof. Dr. P. 
Jacobs].  
 
Figure 4.1: The ‘SkyScan 1072’ desktop X-ray high-resolution microtomograph 
connected to a computer with tomographic reconstruction software.  
184  Chapter 4 
The ‘SkyScan 1072’ is a compact desktop system for X-ray microscopy and computed 
microtomography. It consists of the combination of an X-ray shadow microscope system 
(Figure 4.2), containing a microfocus sealed X-ray tube with high-voltage power supply, 
an object stage with precision manipulator, a two-dimensional X-ray CCD-camera 
connected to a digital frame grabber, and a computer with tomographic reconstruction 
software (Figure 4.1). The X-ray CCD-camera is based on a high-resolution (1024 × 1024 
pixels, 12 bit) cooled CCD-sensor with fibre optic coupling to a phosphorus coated X-ray 
scintillator. The scintillator converts the X-ray energy transmitted through the wood 
sample into visible light that then is passed on, through glass fibres, to the CCD-camera, 
where it is finally digitised into an X-ray radiograph. 
 
Figure 4.2: Diagram of the microtomographic system. The sample is mounted on the 
object stage and illuminated at angular increments by the X-ray beam. The 
transmitted X-ray energy is converted into visible light energy by the phosphorus 
coated X-ray scintillator. The visible light is then passed on to the cooled charged-
coupled device (CCD) where it is digitised into the final X-ray radiograph (adopted 
from Bentley et al., 2002). 
 
During image acquisition, the X-ray radiographs of the wood sample (i.e. non-invasive 
views through the sample) were recorded at different angles during step-wise rotation 
(steps of 0.45°) of the sample between 0° and 180° around the vertical axis. The X-ray 
source and the detector remained in a fixed position. The samples were scanned at a source 
voltage of 130 kV and a current of 76 µA. A random synchronous 10-pixel movement in 
vertical direction of both the object stage and the acquisition area on the CCD-camera was 
used to suppress ring-artefacts in the reconstructed microCT slices. Those ring-artefacts are 
caused by local defects in either the scintillator or the detector, and they result in faulty low 
or high beam intensities (Wildenschild et al., 2002). Improvement of the signal-to-noise 
ratio was obtained by using a 4-frame averaging. This means that the final X-ray 
   X-ray microCT of young tree stems and its hydraulic function 185 
radiograph stored for each of the different angles resulted from the averaging of four 
shadow projections (Van Geet et al., 2001). 
 
After image acquisition, microCT serial slices (2-D transverse cross-sections) of the wood 
samples were reconstructed with SkyScan’s reconstruction software. This software is 
based on the cone-beam reconstruction algorithm of Feldkamp et al. (1984). During 
microCT slice reconstruction, a correction was made to reduce the effects of beam-
hardening. This artefact is caused by an apparent higher X-ray attenuation near the 
periphery of an otherwise homogeneous sample. The artefact manifests itself as an 
artificial darkening near the edges of the sample (Ketcham and Carlson, 2001). Figure 4.9a 
and Figure 4.9b on page 195 show the images of microCT slices for the beech and the oak 
sample, respectively. Finally, using the stack of microCT serial slices the 3-D renderings of 
the intact wood samples were built with the software package of SkyScan (see Section 
4.1.9). The X, Y and Z spatial resolution was 10 µm for the three axes. 
 
The physical parameter which is quantified in each pixel of the microCT slice is the linear 
attenuation coefficient µ. The Lambert-Beer law relates the intensity (I) of X-ray quanta 
after passing through an object with thickness h with the incoming intensity (I0). Using the 
linear attenuation coefficient (µ) for the object, both intensities are exponentially related: 
 )(-0 e
hµII =  ( 4.1 ) 
When different absorbing materials are present in the X-ray path, a weighted attenuation 
coefficient (∑µi hi) can be used: 
 ( )∑= ii-0 e hµII  ( 4.2 ) 
with index i referring to every type of material occurring in the X-ray beam. 
 
The linear attenuation coefficient µ depends on the quantum energy of the X-ray beam (E), 
the electron density of the material (ρe) and the effective atomic number of the material (Z) 










bZaµ ρ  ( 4.3 ) 
where a represents the nearly energy-independent Klein-Nishina coefficient and b is a 
constant (Vinegar and Wellington, 1987). For low source energies (below 100 kV), X-rays 
interact predominantly with matter by photoelectric absorption. This interaction is strongly 
dependent on the atomic number (i.e. by Z3.8). For higher energies (above 100 kV), 
attenuation is largely caused by Compton scattering, and it is mainly controlled by electron 
density (Jacobs et al., 1995). 
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4.1.4 Image analysis software ‘µCTanalysis’ 
At the Laboratory of Sedimentary Geology and Engineering Geology (Ghent University), 
new software, ‘µCTanalysis’, was developed in order to analyse the anatomical 
characteristics on the microCT slices with computer assistance. The software automatically 
detects the objects of interest (i.e. the presence of xylem vessels on the microCT slices) by 
a process called ‘segmentation’. Various methods are available for segmentation; and for a 
grey level image, the simplest one is thresholding. As shown on the schematic view in 
Figure 4.3, the bright areas represent the lumen of the xylem vessels in addition to some 
artefacts, whereas the dark area represents the remaining part of the wood matrix. The 
threshold value defining the boundary between xylem vessels and the wood tissue should 
then be chosen somewhere in between both intensity levels. However, selecting the proper 
threshold value is difficult and involves trial-and-error as the transition from white vessel 
lumen to black wood matrix covers a whole range of grey values. Moreover, some false 
objects may appear if the threshold value is chosen too low, or some objects may be 
missing or may have an underestimated size if the threshold is chosen too high.  
 
Figure 4.3: Schematic view of a small part of the wood matrix, showing two vessels 
and artefacts 
 
To overcome these problems, a more reliable technique for segmentation was used in the 
‘µCTanalysis’ software, i.e. ‘double thresholding’ (Soille, 1999). The double thresholding 
algorithm applies two threshold values to the image, a high and a low one (Figure 4.4). The 
image created using the high threshold value (Figure 4.4c) selects the objects of interest, 
but these selected objects may have incomplete underestimated areas. The image created 
using the low threshold value (Figure 4.4b) contains false objects in addition to the true 
edges of the objects of interest. The double thresholding algorithm enlarges the objects 
present in the high thresholded image by linking them to the true object edges obtained 
from the low thresholded image. Thus, by using this algorithm, the incomplete areas in the 
high thresholded image are adjusted and many false objects which were present in the low 
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thresholded image are eliminated. The resulting binary microCT slice shows all the vessels 
of interest with their true shape (Figure 4.4d).  
 
Figure 4.4: Illustration of the ‘double thresholding algorithm’: (a) original image, (b) 
low thresholded image showing vessels and artefacts, (c) high thresholded image 
showing the not yet right-sized vessels and (d) the resulting binary image. 
 
In some cases, additional small artefacts manifested themselves as either tiny circular or 
long and thin shaped objects. Removal of these artefacts was needed, and therefore, 
additional processing of the image was carried out using a morpho-mathematical erosion 
filter with a round structuring element. The maximum thickness of the artefacts that had to 
be deleted from the binary image was chosen as diameter of this structuring element. The 
morphological erosion operation revealed to be very well adapted to the accurate removal 
of these undesired artefacts. 
 
Finally, the xylem vessels were labelled (i.e. they were given an identification number), 
after which a quantitative measurement on each individual was processed. By simply 
counting the number of pixels inside the vessel and by multiplying this count with the 
surface area of one pixel (the square of the resolution), the surface area of each labelled 
vessel was determined. Assuming an elliptical shape of the vessel lumen, the major and 
minor axis were obtained, and were used to calculate the mean inner diameter (d) of each 
vessel, defined in this study as the mean of the two determined axes. In addition, the 
porosity was calculated as being the ratio between the total surface area of all labelled 
vessel lumina and the total surface area of the wood matrix viewed on the microCT image. 
a d 
b c 
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4.1.5 Classical microtomy and light microscopy 
In order to demonstrate that microCT yields images very similar to the ones obtained from 
classical light microscopy, optical micrographs of stained thin cross-sections were 
recorded from the same wood cubes scanned before with microCT. The research related to 
classical microtomy and light microscopy, in combination with digital analysis of the 
optical micrographs was conducted at the Laboratory of Wood Technology (Ghent 
University; head: Prof. Dr. ir. M. Stevens).  
 
Transverse cross-sections of 35 µm thickness were cut on a Microm HM 440 E sliding 
microtome (Microm International GmbH, German; Figure 4.5) using disposable blades 
(Edge-Rite low profile microtome blades), that assure reduction of cell wall damage to a 
large extent. The sections were stained with Safranin/Astra blue and then dehydrated 
through ethanol solutions of increasing concentration (30, 50, 70, 96 and 100 %). Before 
mounting the sections permanently on a slide (with Entellan), they were stored for one 
hour in a 1/1 mixture of clearing agent and alcohol, known as Parasolve (Jansen et al., 
1998). During fixation, care was taken to put only one drop of Entellan on the sections 
enabling the coverslip to be perfectly flat, which was necessary for microphotography and 
image analysis afterwards. 
 
Figure 4.5: Classical microtome (Microm HM 440 E) to cut transverse cross-sections 
of the wood samples and the Olympus AH2 Vanox microscope system to record 
optical micrographs of the stained thin cross-sections. 
 
Optical micrographs of the stained thin cross-sections (Figure 4.9c and Figure 4.9d on page 
195 of beech and oak cubes, respectively) were then recorded with an Olympus AH2 
Vanox microscope system (Olympus GmbH, Germany; Figure 4.5), and analysed with a 
linked digital image analysis system (‘analySIS’, Soft Imaging System GmbH, Germany). 
After calibrating the digitised micrographs, this commercially available software package 
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was used to manually count the total number of vessels within a randomly selected window 
on the optical micrograph and to make two orthogonal measurements of the inner diameter 
of each vessel in the selected window. Assuming an elliptical shape of the vessels, the 
surface area of each vessel was determined. The two orthogonal measurements were used 
to calculate the mean inner diameter (d) of each vessel. The ratio between the total surface 
area of vessel lumina observed within the window and the total surface area of the selected 
wood matrix yielded the porosity of the xylem tissue.  
4.1.6 Statistical analysis 
As non-invasive and automatic determination of anatomical characteristics of small wood 
samples is presented in this study as a new application of microCT, it needed to be tested 
whether:  
(i) the newly developed ‘µCTanalysis’-software is adequate for the computerized 
detection of anatomical characteristics, and  
(ii) the microCT slices can be used for anatomical analysis instead of optical 
micrographs of stained cross-sections.  
Therefore, statistical calculations were performed. 
 
To address the first question, two measurement windows were selected randomly on the 
optical micrograph of both the beech and the oak sample (Figure 4.9c and Figure 4.9d on 
page 195), being (1518 × 1120) µm2 and (1225 × 903) µm2 for the beech sample, and 
(1480 × 1295) µm2 and (1539 × 1196) µm2 for the oak sample. The new ‘µCTanalysis’ 
software was then used to automatically determine the vessel density (the total number of 
vessel per mm2 of transverse cross-sectional xylem area), the surface area of the individual 
vessels, the inner vessel diameter and the porosity. Next, the commercial software package 
‘analySIS’ was used to manually analyse the same anatomical characteristics on the same 
measurement windows. From these measurements, the mean (µ) and standard deviation 
(SD) of each anatomical characteristic was calculated (see Table 4.1; Section 4.1.7.2). 
Depending on the result of the F-test for equality of two variances, the two sample t-test 
for comparison of means with either equal or unequal (Satterthwaite approximation) 
variances was performed. For each anatomical characteristic, measured either manually 
(MAN) or automatically (AUTO), the hypothesis H0: µMAN = µAUTO was tested at a 
significance level of 0.05 and accepted for P > 0.05. The sample size for both the inner 
vessel diameter and the surface area of the vessels was large enough to assume satisfaction 
of the central-limit theorem (Rosner, 2000).  
 
To address the second question, the same statistical approach was followed, but with this 
difference that now the hypothesis was tested whether a mean anatomical characteristic 
observed on either the optical micrograph (µOM) or on a microCT slice (µµCT) is 
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statistically equal (i.e. H0: µOM = µµCT). For this purpose, four measurement windows were 
randomly selected on the optical micrograph of both the beech and the oak sample (Figure 
4.9c and Figure 4.9d, page 195). As for microCT, three and four additional slices were 
randomly selected from the stack of 2-D microCT images for beech and oak respectively. 
On each of these slices and on the ones shown in Figure 4.9a and Figure 4.9b (page 195), 
one measurement window was selected, yielding four and five measurement windows for 
comparison with the micrograph of beech and oak respectively. All selected measurement 
windows were then automatically analysed with the new ‘µCTanalysis’-software for the 
same anatomical characteristics as describe above. Using these results, the hypothesis 
H0: µOM = µµCT was statistically tested (see Table 4.2; Section 4.1.8.3). 
4.1.7 Performance of ‘µCTanalysis’ software for computerized 
determination of wood anatomical characteristics 
So far, a description has been given of which measurements were carried out and how they 
were performed. In the next sections, results will be presented and discussed in detail.  
4.1.7.1 Assessment of the double thresholding algorithm 
Figure 4.6 demonstrates that the use of double thresholds introduced in the ‘µCTanalysis’ 
software (Section 4.1.4), together with the morpho-mathematical filtering, was highly 
adequate for creating binary images. 
 
In order to illustrate this, a measurement window was randomly selected on the optical 
micrograph of beech (Figure 4.9c) and oak (Figure 4.9d) respectively. Using the proper 
low and high threshold values (210 and 253 respectively) and following morpho-
mathematical filtering, the selected images (Figure 4.6a and Figure 4.6b) were successfully 
converted into binary images (Figure 4.6c and Figure 4.6d). These binary images show 
distinct boundaries between the lumen of the vessel (white pixels) and the rest of the wood 
matrix (black pixels). Therefore, they could be further used by the software to finally 
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Figure 4.6: Binary images of the beech (c) and the oak (d) sample created from the 
original images (a and b) using the double threshold algorithm and the morpho-
mathematical filter introduced in the ‘µCTanalysis’-software. The binary images show 
the distinct boundaries between the lumen of the vessels (white pixels) and the rest of 
the wood matrix (black pixels). The images (a) and (b) represent a measurement 
window selected on the optical micrographs shown in Figure 4.9c and Figure 4.9d. 
The data output obtained with ‘µCTanalysis’ is also given. 
4.1.7.2 Comparison between ‘µCTanalysis’ and ‘analySIS’ 
As mentioned in Section 4.1.6, two randomly selected measurement windows for beech 
and oak respectively were used to asses the quality of the measurements of wood 
anatomical characteristics (i.e. vessel density, surface area of the individual vessels, inner 
vessel diameter and porosity) obtained either automatically with ‘µCTanalysis’ (AUTO) or 
manually using ‘analySIS’ (MAN).  
 
The scatter plots shown in Figure 4.7 for beech and oak respectively, illustrate that the 
inner vessel diameters obtained by both methods were in very good agreement, yielding 
linear determination coefficients (R2) almost equally to 1. High linear coefficients of 
determination were also found for the surface area of the vessels (R2 = 0.9970 with n = 331 
and R2 = 0.9981 with n = 212 for beech and oak, respectively). As such, it can be 
concluded that the new ‘µCTanalysis’-software has a good power of discrimination and, 
hence, can be applied for correct and fast measurement of vessel characteristics of wood 
samples.  
 
The fact that the vessel characteristics for both the automatic and manual method were 
found to be essentially the same is also revealed by the statistical analysis presented in 
Table 4.1.  
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Figure 4.7: Scatter plot of the inner vessel diameter (d) measured manually (MAN) in 
comparison with the automatic method (AUTO) for (a) the beech sample and (b) the 
oak sample. The dashed line represents the 1:1 relationship. The coefficients of 
determination (R²) are also given (n = 331 for beech and n = 212 for oak). 
 
Table 4.1: Statistical analysis of inner vessel diameter, vessel surface area, vessel 
density and porosity determined from the optical micrographs (see samples shown in 
Figure 4.9c and Figure 4.9d) with the manual (MAN) and ‘µCTanalysis’ assisted 
(AUTO) methods. The mean (µ) and the standard deviation (SD) is given, together 
with the F-test for equality of variances (σ2) and the t-test for the means. The zero 
hypothesis (H0) is accepted for P values larger than 0.05. 





(× 103 µm2) 
Vessel density 
(# / mm2) 
Porosity 
(%) 
Sample Method Statistic     
Beech MAN Sample size 331 331 2 2 
  µ ± SD 32.2 ± 9.8 0.870 ± 0.472 119 ± 1 10.3 ± 0.3 
 AUTO Sample size 332 332 2 2 
  µ ± SD 31.6 ± 8.9 0.821 ± 0.420 119 ± 4 9.7 ± 0.2 
 F-test P value 0.072 0.034 0.343 0.586 
  H0: 2AUTO2MAN σ=σ  accepted rejected1 accepted accepted 
 t-test P value 0.396 0.1561 0.951 0.108 
  H0: AUTOMAN µµ =  accepted accepted accepted accepted 
Oak MAN Sample size 211 211 2 2 
  µ ± SD 34.0 ± 23.5 1.314 ± 1.678 56 ± 15 7.4 ± 0.6 
 AUTO Sample size 212 212 2 2 
  µ ± SD 33.1 ± 22.6 1.212 ± 1.562 57 ± 16 6.8 ± 0.3 
 F-test P value 0.549 0.299 0.949 0.623 
  H0: 2AUTO2MAN σ=σ  accepted accepted accepted accepted 
 t-test P value 0.715 0.520 0.981 0.416 
  H0: AUTOMAN µµ =  accepted accepted accepted accepted 
1 As the zero hypothesis for equality of variances was rejected the t-test for samples with unequal 
variance was performed (Satterthwaite approximation) 
d(MAN) (µm)































R² = 0.9974 R² = 0.9989 
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For none of the anatomical characteristics which were determined, a significant statistical 
difference (at significance level of 0.05) was found between both measuring techniques. As 
such, the ‘µCTanalysis’-software can be used successfully for automatic measurement of 
the anatomical characteristics of wood samples. This presents an important advantage over 
manual methods in terms of speed and simplicity. Moreover, measurement errors made by 
human interpretation, eventually depending on the operator fatigue, are also excluded.  
 
Particular attention was paid to the standard deviations (SD) calculated for the inner vessel 
diameter (d) and the surface area of the vessels (A) (Table 4.1). The coefficient of variation 
(CV) for d, defined as the ratio between SD and the mean value (µ), yielded a value of 0.3 
and 0.7 and the CV for A yielded a value of 0.5 and 1.28 for beech and oak, respectively. 
The smaller CV of beech for both d and A compared to oak could be explained in terms of 
wood anatomical differences between both tree species. The beech sample is a typical 
example of diffuse-porous wood. Therefore, the xylem vessels are fairly uniform in 
distribution and size throughout the entire growth ring. The oak sample, however, is a 
typical example of ring-porous wood characterised by size differences of the vessels in a 
growth ring, whereby the vessels of the earlywood are larger than those found in the 
latewood (Sachsse, 1984; Schweingruber, 1990). This is confirmed by the histograms of 
the inner vessel diameter distribution measured within the randomly selected windows on 
the optical micrographs (see section 4.1.6) as shown in Figure 4.8. 
 
Figure 4.8: Histogram of the inner vessel diameter distribution of the beech sample 
(a) and the oak sample (b). The inner vessel diameters (d) were measured within the 
randomly selected windows on the optical micrograph of Figure 4.9c and Figure 4.9d 
respectively (see also text).  
 
Figure 4.8 indeed reveals that the histogram for beech is more symmetric, whereas that for 
oak is positively skewed. Moreover, Figure 4.8a illustrates that in the beech histogram, a 
major fraction of the inner vessel diameters lies very close to the calculated mean of 32 µm 
(see Table 4.1). On the contrary, the histogram presented in Figure 4.8b shows that the 
inner vessel diameters of the oak sample in the skewed distribution ranged from small 
latewood vessels to large earlywood vessels. Although the mean vessel diameter for oak (µ 
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≅ 34 µm; see Table 4.1) was almost equal to that for beech, its higher CV was due to the 
more extended range of the inner vessel diameters compared to the beech sample; d for 
beech ranging between the limits of 10 and 55 µm and d for oak ranging between 10 and 
90 µm.      
 
To conclude this section, it can be stated that the new ‘µCTanalysis’-software that was 
developed to facilitate image processing of 2D-images in terms of speed and simplicity, 
permitted accurate and fast measurement of vessel characteristics of wood samples. 
4.1.8 Performance of X-ray microCT versus optical micrographs 
In this section, experimental and statistical evidence will be provided on the hypothesis 
that microCT slices can be used for anatomical analysis instead of optical micrographs of 
stained thin cross-sections (see Section 4.1.6).  
4.1.8.1 Visual comparison of microCT slices and optical micrographs 
Typical microCT slices (Section 4.1.3) and optical micrographs obtained from stained thin 
cross-sections (Section 4.1.5) for both the beech and the oak sample are depicted in Figure 
4.9. 
 
The bright pixels in the microCT slices (i.e. Figure 4.9a and Figure 4.9b) represent the 
lumen of the xylem vessels, whereas the dark ones represent the rest of the wood matrix 
(i.e. fibres, parenchyma cells, wood rays). As each pixel of the microCT slice quantifies 
the linear attenuation coefficient (µ), density differences of the xylem tissue are revealed, 
whereby dark pixels result from high X-ray attenuation and correspond with high wood 
density. The dark top part of Figure 4.9a reveals the high density of the latewood in 
contrast with the light earlywood of the subsequent growth ring. In Figure 4.9b, a growth 
ring can be distinguished with clear density differences between the earlywood and the 
latewood. Computed tomography has been shown to be capable of determining with high 
precision the wood density in a non-destructive way (e.g. Lindgren, 1991; Fromm et al., 
2001). However, calculation of such wood densities using the microCT slices was beyond 
the scope of this study. 
     
Furthermore, visual inspection of the microCT images (Figure 4.9a and Figure 4.9b 
respectively) revealed a very good correspondence with the micrographs obtained from 
stained thin sections (Figure 4.9c and Figure 4.9d respectively). This is highlighted in 
Figure 4.9 by the wood structure contained in the white frames. This good agreement will 
be further discussed in more detail in Section 4.1.8.3. 
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Figure 4.9: Typical oven dry microCT slice of the beech and the oak sample (a and b), 
and  typical optical micrograph obtained from a stained thin cross-section of the same 
beech and oak sample (c and d). The arrow labelled ‘1’ shows an example of a crack, 
while the arrow labelled ‘2’ shows damage to the cell wall; both being troublesome 
artefacts associated with classical microtomy. The wood structure contained in the 
white frame highlights part of the xylem tissue for easy comparison between image (b) 
and (d). Are also indicated: GR = growth ring; EW = earlywood and LW = latewood. 
4.1.8.2 Oven dried versus wet microCT slices 
It is remarkable to see how well the microCT slices correspond with the optical 
micrographs obtained from classical stained cross-sections. However, in order to obtain 
such a good correspondence, oven dried samples had to be used for the microCT method. 
It was found that, after being thoroughly rinsed with ethanol to remove the glycerine-
ethanol mixture from the vessels, drying of the samples could be performed at a 
temperature of 50 °C without modifying the dimensions of the wood cubes. Figure 4.10 
illustrates the microCT slices of the same beech and oak sample, but scanned under ‘wet’ 
conditions immediately after removal from the glycerine-ethanol mixture. 
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The wet microCT slices revealed that less vessels could be distinguished, of which only a 
small fraction was completely empty (e.g. compare vessels in the highlighted white frames 
of Figure 4.9b and Figure 4.10b). Moreover, no growth rings could be delineated on the 
wet microCT slices and, apart from vessel lumen, no density differences in the xylem 
tissue could be observed. It even seemed that the vessels in the latewood had vanished (see 
arrows labelled ‘1’ in Figure 4.10a and Figure 4.10b). 
 
Figure 4.10: Wet microCT slice of the same beech and oak sample (a and b) as shown 
in Figure 4.9a and Figure 4.9b. The beech and the oak sample were scanned in wet 
condition immediately after removal from the glycerine-ethanol solution. Only the 
non-filled vessels are visible. The arrows labelled ‘1’ indicate the lack of (small) 
vessels in the latewood; the arrows labelled ‘2’ show the so-called noise which is 
caused by the ‘invisible’ vessels trying to manifest themselves (see text). The white 
square highlights part of the xylem tissue for easy comparison with Figure 4.9b.  
 
At this point, it is also important to notice that the apparent noise observed in the images of 
Figure 4.10a and Figure 4.10b (see arrows labelled ‘2’) was not due to errors made during 
the reconstruction of the images. This so-called ‘noise’ should be attributed to ‘invisible’ 
vessels which are only partly expressed by X-ray attenuation. The fact that the wet 
microCT slices were incomplete and did not show all the anatomical characteristics of the 
wood with its fine detail can be explained by the filling with glycerine-ethanol solution of 
the xylem vessels themselves. Filling occurs when the wood samples are stored in this 
mixture for some time. Due to strong capillary forces associated with small dimensions, 
the vessels having the smallest diameters are completely filled. The lack of visibility and 
occurrence of blurring can be explained by the fact that there was almost no difference in 
X-ray absorption between the with glycerine-ethanol filled vessels and the sample itself. 
These visual observations were confirmed by measurements performed with the 
‘µCTanalysis’-software. It was found for the beech sample scanned under wet conditions 
that the mean number of vessels counted per unit xylem area was only half the amount 
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counted on the optical micrograph. For the oak sample, the results obtained with the wet 
microCT procedure were even worse, because now the number of vessels counted per unit 
xylem area was only one fourth of the counts on the optical micrograph. 
 
As such, it can be concluded that the wood samples used for microCT should be oven dry 
to yield a good correspondence with optical micrographs obtained from stained cross-
sections. 
4.1.8.3 Statistical comparison of microCT slices and optical micrographs 
At this point, it is useful to address the issue of accuracy when using microCT slices 
instead of optical micrographs. Despite the fact that the pixel size of 1.73 × 1.73 µm2 in the 
optical micrographs is smaller than that in the microCT slices (pixel size = 6.97 × 6.97 
µm2), visual perception (Section 4.1.8.1) suggests that the latter can be substituted for 
optical micrographs. To test this assumption, the ‘µCTanalysis’-software was applied to 
randomly selected measurement windows on the optical micrographs and on microCT 
slices of both the beech and the oak sample (see Section 4.1.6 for more details). The 
anatomical characteristics of the cross-sectional images obtained from either method were 
statistically analysed and the results are presented in Table 4.2. 
 
It can be concluded that, for the anatomical characteristics investigated, no significant 
differences could be detected between both types of images. This close correspondence 
indicated that all vessels larger than 10 µm in size (10 µm being the spatial resolution of 
the microtomograph; Section 4.1.3) could be successfully detected by microCT, and that 
images could be obtained with a similar discrimination potential as is valid for optical 
micrographs of stained thin sections. Some authors (Kinney and Nichols, 1992; Ritman et 
al., 1997; Stock et al., 2003a, Thurner et al., 2003) already demonstrated that images 
obtained from microCT indeed were closely correlated to optical micrographs of the 
objects under study. Lane et al. (2003) showed that it is possible to derive similar 
histological quantities (i.e. relative bone volume, trabecular number and trabecular 
thickness) from either microCT images or thin histological cross-sections cut with a 
microtome and analysed with light microscopy. The statistical proof of the similarity for 
the case of wood samples in this work (Table 4.2) is very important as all the major 
drawbacks and limitations linked with microtomy can eventually be overcome by using 
microCT for wood anatomical research (Bentley et al., 2002). The complex and time-
consuming procedure for obtaining good wood slices from microtomy (Jansen et al., 1998) 
(going from softening of the wood sample, over cutting and treating the cross-sections to 
mounting them) can now be avoided as microCT allows non-invasive mapping of 2-D 
slices without sample preparation or chemical fixation (SkyScan, 1998). As such, no 
cracks (see arrow labelled ‘1’ in Figure 4.9d) and no cell wall damage (see arrow labelled 
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‘2’ in Figure 4.9d), both troublesome artefacts associated with microtomy, have to be 
expected any longer. 
 
Table 4.2: Statistical analysis of inner vessel diameter, vessel surface area, vessel 
density and porosity determined from optical micrographs (OM) and from microCT 
slices (µCT), using the computer assisted method (‘µCTanalysis’-software) on the 
samples shown in Figure 4.9c, 4.9d, 4.9a and 4.9b. The mean (µ) and the standard 
deviation (SD) is given, together with the F-test for equality of variances (σ2) and the 
t-test for the means. The zero hypothesis (H0) is accepted for P values larger than 
0.05. 





(× 103 µm2) 
Vessel density 
(# / mm2) 
Porosity 
(%) 
Sample Method Statistic     
Beech OM Sample size 568 568 4 4 
  µ ± SD 33.4 ± 9.6 0.932 ± 0.471 110 ± 12 10.3 ± 0.4 
 µCT Sample size 549 549 4 4 
  µ ± SD 32.6 ± 9.4 0.889 ± 0.471 108 ± 15 9.7 ± 1.7 
 F-test P value 0.739 1.000 0.691 0.051 
  H0: 2µCT2OM σ=σ  accepted accepted accepted accepted 
 t-test P value 0.173 0.135 0.883 0.521 
  H0: µCTOM µµ =  accepted accepted accepted accepted 
Oak OM Sample size 541 541 5 5 
  µ ± SD 34.7 ± 24.7 1.398 ± 1.763 52 ± 17 7.3 ± 0.8 
 µCT Sample size 934 934 4 4 
  µ ± SD 33.9 ± 23.3 1.239 ± 1.569 56 ± 5 7.2 ± 0.7 
 F-test P value 0.118 0.002 0.088 0.817 
  H0: 2µCT2OM σ=σ  accepted rejected1 accepted accepted 
 t-test P value 0.541 0.0831 0.657 0.766 
  H0: µCTOM µµ =  accepted accepted accepted accepted 
1 As the zero hypothesis for equality of variances was rejected the t-test for samples with unequal 
variance was performed (Satterthwaite approximation) 
 
Moreover, the spatial resolution of microCT slices, already approaching that of optical 
microscopy (Stock et al., 2003b), can be further improved up to 1 µm or better by using 
synchrotron radiation microCT (Thurner et al., 2003). The main difference with the system 
used for this study is only the type of X-ray source. In contrast with the polychromatic 
beam produced by conventional X-ray sources, the synchrotron type has the capability to 
select tuned monochromatic (i.e. single energy) X-rays from a high intensity collimated 
polychromatic (white) beam. This beam originates from high-speed electrons spiralling in 
a magnetic field of a particle accelerator, and is steered and focused in a ring by large 
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electromagnets (Müller et al., 2002; Wildenschild et al., 2002). As such, objects of interest 
with dimensions less then 10 µm should be imaged with synchrotron radiation microCT 
instead of conventional X-ray sources. For the purpose of this study, the spatial resolution 
of the SkyScan was sufficient as the typical inner vessel diameter of the wood samples was 
larger than 10 µm. 
4.1.9 Application of microCT for 3D-rendering of xylem anatomy 
In addition to the mathematical reconstruction of non-invasive views through the sample 
into transverse 2-D cross-sections as described above, microCT also provides the 
possibility to reveal an object’s internal microstructure in 3-D space. It has been 
demonstrated as an interesting tool for 3-D imaging of various materials, and for a wide 
range of biological applications such as sea urchin teeth (Stock et al., 2002a, b), bone 
tissue (Borah et al., 2001; Lane et al., 2003) and various basic functional units within 
intact animal organs, such as the renal glomeruli and their post glomerular vessels, the 
Haversian canals in bone, cardiac coronary branching structure and myocardial muscle 
fibre architecture (Ritman et al., 1997; Bentley et al., 2002). In this thesis, the internal 3-D 
microstructure was reconstructed for both the beech and oak sample. The 3-D renderings 
of the intact wood samples shown in Figure 4.11 were produced by stacking the sequential 
2-D microCT slices with SkyScan’s proprietary software package.  
 
Figure 4.11: MicroCT derived 3-D rendering of the beech (a) and the oak sample (b) 
showing the complex internal vessel network. Both scale bars equal 250 µm. 
 
The two images in Figure 4.11 illustrate the ability to spatially isolate individual vessels 
within the complex wood matrix. It can be seen that the vessels do not run in a neat parallel 
way, but that they deviate from their axial path to form a complex network. Some of the 
vessels are jointed together by intervessel bordered pits, while others drift apart (see Figure 
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4.11a). The physiological significance of this networking in the wood matrix is the 
tangential spreading of the axial path of water transport in living trees (Tyree and 
Zimmermann, 2002). This implies that water taken up by any root ascends in the trunk 
while spreading out laterally through the growth rings. Water supplied by a particular root 
not only reaches a particular branch but is redistributed over a large part of the crown. In 
other words, each branch of the crown can obtain its water from many different roots. This 
can be considered as an important safety feature for living trees: loss of one or more roots 
does not impede the water supply of individual branches. 
 
Such a 3-D network of vessels was described first by Braun (1959). He meticulously 
reconstructed the vessel network of Populus from a series of transverse microscopic 
sections. As his method was time consuming and impractical, Zimmermann and 
Tomlinson (1966) introduced a cinematographic method. This simplified the visualisation 
of the 3-D vessel structure to some extent by assembling, frame-by-frame, a 16-mm 
motion picture film from series of cross-sections photographed in the microscope. 
However, this cinematographic method still remains very labour-intensive and, as such, it 
has been hardly used in recent years. Another and easier method, i.e. the resin-casting 
technique (Fujii, 1993; Kitin et al., 2001), was developed which visualizes the vessel 
lumina of a wood sample in the form of silicon filaments. These silicone casts are made by 
perfusing the vessels with polystyrene and after polymerisation of the polystyrene, by 
removing all the organic material with acidic solutions and/or enzymes. Although it 
provides high spatial resolution, this method also suffers from some problems which are 
related to the dislocation of resin casts during the dissolution of cell wall materials, and the 
deformation of resin casts in samples with low packing density (Fujii, 1993). At this point, 
it becomes clear that the microCT approach overcomes many of the problems mentioned 
above. Illman and Dowd (1999) successfully applied microCT for the first time to 
characterize the 3-D geometry of the wood matrix of sound pine wood and demonstrated 
the feasibility of microCT to quantify the microscale breakdown of the tracheids by brown-
rot wood decay fungi. Furthermore, as microCT is a non-invasive technique, the sample 
remains available for further investigations. However, Figure 4.11 also revealed that the 
spatial resolution of the 3-D renderings was insufficient to resolve the fine details of the 
intervessel microstructures (i.e. bordered pits) as is the case for the resin-casting technique. 
Again, synchrotron radiation microCT (see Section 4.1.8.3) should be used to increase the 
spatial resolution for visualization of such microstructure details. However, a further 
analysis of the 3-D renderings of the xylem anatomy was beyond the scope of this thesis. 
 
So far, it has been argued that anatomical analysis of optical micrographs can be readily 
substituted by the automated use of microCT, and this without loss of accuracy. 
Furthermore, it has been demonstrated that the ‘µCTanalysis’-software can be successfully 
used for image processing of the 2-D microCT slices in order to automatically determine 
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the inner vessel diameters and the vessels density. From such results, the hydraulic 
function of young tree stems can then be determined; this topic being tackled in the next 
section. 
4.2 Stem hydraulic function inferred from wood anatomical 
characteristics 
Whereas in Section 4.1 microCT was delineated as a method for non-invasive 
determination of wood anatomical characteristics, in this section, the link between stem 
hydraulic function and xylem anatomy will be revealed. 
4.2.1 Introduction 
Evaporative cooling, growth and solute transport in trees depends in part on the property of 
the stem to transport water to the leaves. The efficiency to transport or conduct water to the 
places of evaporation strongly varies between species. It is well-understood that water 
transport in the stem not only depends on the quantity of functional vessels in the xylem, 
but also, and perhaps more importantly, on the structure and the size of these vessels or 
conduits (Tyree and Ewers, 1991; Schultz and Matthews, 1993; Atkinson and Taylor, 
1996). From a pure physical understanding of fluid flow in capillaries, it is known that 
conduit diameter greatly affects conductance; the conductivity of a tube being proportional 
to the fourth power of its diameter (Munson et al., 1994). This property, first established 
experimentally by two independent workers, G. Hagen in 1839 and J. Poiseuille in 1840, is 
commonly known as the law of Hagen-Poiseuille [see Eq. (1.8); Section 1.4.1.2]. Although 
this law originally was developed to describe laminar flow in pipes, it can also be 
successfully applied to the transport behaviour of water in xylem vessels.  
 
Following a short description on the xylem anatomy of the young beech and oak tree 
(Section 4.2.2.1), the hydraulic conductivity of the stems is calculated from anatomical 
measurements using the Hagen-Poiseuille equation (Section 4.2.2.2). Some implications of 
using this approach are addressed as well. In Section 4.2.3, it is highlighted how these 
hydraulic conductivity calculations relate to the hydraulic resistance parameter (Rx) defined 
in the flow and storage model (Chapter 3; Section 3.3).  
4.2.2 Stem hydraulic function of young beech and oak trees 
4.2.2.1 Xylem anatomy 
Section 4.1 focussed on the comparison between microCT slices on the one hand and 
optical micrographs obtained from stained thin cross-sections on the other. This section 
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will describe the difference in xylem anatomy between the young beech and oak sample 
viewed on either microCT slices or optical micrographs (Figure 4.9). 
 
The transverse cross-sections depicted in Figure 4.9 revealed a xylem anatomy that was 
slightly different from the one that is expected for mature trees. Whereas the seasonal trend 
in xylem structure for the young beech and oak tree corresponds well with that normally 
observed for large trees [i.e. a large earlywood vessel size and a marked seasonal change in 
vessel diameter for the ring-porous oak tree (Figure 4.9b), in contrast with a smaller 
maximum vessel size and little seasonal change in vessel diameter for the diffuse-porous 
beech tree (Figure 4.9a)], the vessel sizes observed were smaller than those found in 
mature xylem. For mature wood of oak, vessel diameters are reported to range from 20 to 
30 µm for latewood vessels up to 300-500 µm for earlywood vessels. For mature wood of 
beech trees, vessel diameters generally range between 50 to 85 µm (Jacquiot et al., 1973; 
Grosser, 1977; Wagenführ and Scheiber, 1989). However, for the young oak wood the 
vessel diameters were found to vary between the limits of 10 and 90 µm, while for the 
young beech wood diameters ranged between 10 and 55 µm (Figure 4.8). Considering the 
fact that xylem elements typically become longer and wider with increased cambial age or 
stem diameter (Gartner, 1995; Mencuccini et al., 1997), these results could be expected. 
 
As for the vessel density, about 110 vessels per mm2 of transverse cross-sectional xylem 
area were counted for beech, whereas for oak only 55 vessels were present per mm2 of 
xylem (Table 4.1 and Table 4.2). This corresponds well with values reported in literature 
for mature beech and oak trees (Jacquiot et al., 1973; Grosser, 1977; Wagenführ and 
Scheiber, 1989). Note that the large earlywood vessels found in the xylem of the young 
oak tree contributed to a lower vessel density, in comparison with the young beech tree.  
 
The proportion of vessel lumen area was slightly larger for beech (10 %) than for oak 
(7 %) (Table 4.1 and Table 4.2); both being in the 6 to 55 % range, as documented for a 
number of woody species (Gartner, 1995). The question that now arises is whether the 
larger porosity and vessel density found for the young beech tree contributed relatively 
more to the hydraulic conductivity of the stem. Or, are there other, more important factors, 
that must be taken into account to finally explain the hydraulic function of the young 
stems. This question is addressed in the next section. 
4.2.2.2 Hydraulic conductivity 
To compare the hydraulic function of the young beech and oak stem, the theoretical 
hydraulic conductivity (kh in kg m s-1 MPa-1) was calculated according to the Hagen-
Poiseuille equation (James et al., 2003): 








 ( 4.4 ) 
where DHP is the Hagen-Poiseuille mean vessel diameter (m), ρw is the density of water 
(998.2 kg m-3 at 20 °C) and ηw is the dynamic viscosity of water (1.002 × 10-9 MPa s at 
20 °C). If di is the ith vessel diameter of n measured vessels, then the Hagen-Poiseuille 
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To account for differences in the amount of xylem produced by beech and oak, the stem 
specific hydraulic conductivity (ks in kg m-1 s-1 MPa-1) was calculated by multiplying kh 
[obtained with Eq. (4.4) and using for DHP the Hagen-Poiseuille mean vessel diameter] 
with the average number of vessels counted per m2 xylem cross-sectional area of the 
sample (Tyree and Ewers, 1991); ks being an integrated parameter which includes effects 
of vessel diameter and vessel number (Cochard et al., 1999).  
 
For both the beech and the oak sample, a number of 5 microCT transverse cross-sections 
were randomly selected from the stack of serial microCT slices (Section 4.1.3). They were 
automatically analysed for wood anatomical characteristics with the ‘µCTanalysis’-
software (Section 4.1.4). From the computed vessel diameters, the vessel density and the 
xylem surface area presented in the image, DHP, kh and ks were calculated. The results are 
presented in Table 4.3.  
 
Table 4.3: The Hagen-Poiseuille mean vessel diameter (DHP), the theoretical 
hydraulic conductivity of the mean vessel (kh) and the stem specific hydraulic 
conductivity (ks) for the beech and the oak sample. The mean and standard deviation 
are given. The anatomical characteristics needed to calculate these variables were 
automatically determined with ‘µCTanalysis’ on 5 randomly selected microCT slices 
for beech and oak.  
Hydraulic property Beech Oak 
DHP (× 10-6 m) 36.9 ± 1.8 54.5 ± 4.9 
kh (× 10-8 kg m s-1 MPa-1) 4.58 ± 0.96 22.48 ± 8.29 
ks (kg m-1 s-1 MPa-1) 4.96 ± 0.55 10.66 ± 1.63 
 
Whereas the mean vessel diameter (arithmetical mean) of beech and oak was found to be 
nearly the same (d ≅ 32 and 34 µm respectively; Table 4.1), Table 4.3 reveals that the 
Hagen-Poiseuille mean vessel diameter of oak was considerably larger than that of beech; 
the latter being more correct when results need to be interpreted in terms of hydraulic 
function as in Eq. (4.5) the fourth power of the vessel diameters is taken into account. 
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Table 4.3 also shows that, although vessel density and porosity of the oak sample were 
lower than those of beech, the calculated hydraulic conductivities (kh and ks) were higher. 
This clearly illustrates that if one wants to compare conductivities of different wood 
samples, one should not compare their respective transverse-sectional vessel area nor their 
vessel density. The sums of the fourth powers of their inside vessel diameter (or radii) 
should be taken into account as was done in Table 4.3 (Tyree and Zimmermann, 2002). In 
the literature, a wide range of ks values are reported varying from 0.0058 to 2.45 kg m-1 s-1 
MPa-1 for about 1-year-old seedlings (Atkinson and Taylor, 1996; Gartner et al., 2003), 
over 3 to 12 kg m-1 s-1 MPa-1 for adult trees and grapevine plants (Tyree and Zimmermann, 
1971; Schultz and Matthews, 1993; Sperry and Saliendra, 1994; Mencuccini et al., 1997; 
Lovisolo and Schubert, 1998; Woodrum et al., 2003) and up to 375 kg m-1 s-1 MPa-1 for 
adult topical trees (James et al., 2003).   
 
To estimate the fraction of total conductivity that can be attributed to the vessels of a 
particular diameter class (diameter classes as specified in Figure 4.8), d4 was calculated for 
each vessel. In order to compute the contribution of each vessel diameter class to total d4, 
all d4-values in one class were added and divided through total d4 (Gartner et al., 2003). 
The histogram of calculated contributions to the total kh is presented in Figure 4.12. 
 
Figure 4.12: Histogram of the calculated contribution to the total hydraulic 
conductivity (kh) by each vessel diameter class for the beech sample (a) and the oak 
sample (b). 
 
The comparison of Figure 4.8a with Figure 4.12a reveals that the vessel diameter classes 
30-40 µm and 40-50 µm equally contributed to the total kh for beech (notwithstanding the 
fact that the amount of vessels in class 40-50 µm was only half of that in class 30-40 µm). 
This is due to the proportionality of kh to the fourth power of the vessel diameter. This 
observation was even more pronounced in case of the oak sample. Whereas the histogram 
of inner vessel diameter distribution showed a positive skew (Figure 4.8b), the histogram 
of calculated contributions to the total kh, on the contrary, was negatively skewed (Figure 
4.12b) (the 6 % vessels in diameter class 80-90 µm accounting for approximately half of 
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This indicates that the small latewood vessels next to large earlywood vessels only carry an 
insignificant amount of water, and are as such considered as being less efficient in their 
water transport function. Despite the fact that wider vessels are much more efficient to 
conduct water, long-term evolution did limit their size. Indeed, any increase in transport 
efficiency always goes hand in hand with a decrease in safety. As was also explained in 
Chapter 1 (Section 1.4.1.2), the damage to a wide-vessel tree, with only a few wide vessels 
per unit xylem cross-section, will always be more severe if one of its vessels gets injured 
or loses its hydraulic function (i.e. by cavitation), than in case of a narrow-vessel tree with 
its many vessels per xylem cross-section. Thus, for trees to survive environmental stress, 
such as winter freezing and summer droughts, the vessel diameter cannot exceed a critical 
limit (Sperry and Sullivan, 1992).  
4.2.2.3 Some points of consideration 
Using the Hagen-Poiseuille equation to estimate hydraulic conductivity has its 
implications. It is found that conductivity values measured with a conductivity apparatus 
are often smaller than the theoretical conductivities predicted by Hagen-Poiseuille’s 
equation (Tyree and Zimmermann, 1971, 2002; Tyree and Ewers, 1991; Schultz and 
Matthews, 1993; Lovisolo and Schubert, 1998; Martre et al., 2000). As such, the actual 
flow resistance often is underestimated when vessels are considered as capillaries of 
infinite length. Based on the fact that real vessels are of finite length (some of them being 
quite short; Tyree and Zimmermann, 2002), it can be expected that absolute values of 
water conductivity cannot be derived solely from the cross-sectional image of the vessels. 
In case of vessels with finite length, it is important to also take into account the 
conductivity of the pit membrane and the diameter of the perforated plates.  
 
Moreover, vessel walls are not smooth like ideal capillaries are, but they may contain 
several irregularities, especially due to the presence of pits. Tyree and Zimmerman (2002) 
note that for these reasons the measured conductivity and flow only accounts for 25 to 
67 % of the theoretical values calculated with the assumption that vessels are ideal 
capillaries. This has been observed for different tree species (e.g. red maple, birch, 
sycamore), while vines, on the other hand, were found to behave as ideal capillaries.  
 
Tyree and Ewers (1991) reported that the disagreement between measured and calculated 
hydraulic conductivities might also be caused by the fact that real vessels are not perfectly 
circular in cross-section but are better described by ellipses. In this respect, the 
corresponding laminar flow equation for an ellipse should be used to calculate the 
hydraulic conductivity. To do so, the Hagen-Poiseuille mean vessel diameter should be 
calculated as (Nobel, 1999): 
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where ai (m) and bi (m) are the major and minor diameter of the ith elliptical vessel. Note 
that a circle is a special case of an ellipse where ai = bi and, for this special case, Eq. (4.6) 
reduces back to Eq. (4.5). 
 
For both the beech and the oak sample, the effect on the calculations of DHP, kh and ks was 
compared when the vessel cross-sectional areas were assumed to be either circular [Eq. 
(4.5)] or elliptical [Eq. (4.6)]. In this respect, the major (ai) and minor (bi) axes of 201 and 
123 vessels were measured for beech and oak respectively, and used for the elliptical 
cross-sectional calculation. To perform the same calculation assuming a circular vessel 
cross-section, the inner diameter (d) of each vessel was approximated by the mean of two 
orthogonally determined axes. The Hagen-Poiseuille mean vessel diameter and the 
respective conductivities are presented in Table 4.4. 
 
Table 4.4: Determination of the Hagen-Poiseuille mean vessel diameter (DHP), the 
theoretical hydraulic conductivity of the mean vessel (kh) and the stem specific 
hydraulic conductivity (ks) for beech (n = 201) and oak (n = 123). Calculations were 
performed assuming either a circular or an elliptical shape of the vessel cross-
sectional area.  
  Beech Oak 
Hydraulic property  Circular Elliptical Circular Elliptical 
DHP (× 10-6 m)  35.5 35.0 50.8 50.4 
kh (× 10-8 kg m s-1 MPa-1)  3.90 3.66 16.37 15.74 
ks (kg m-1 s-1 MPa-1)  4.66 4.38 10.91 10.49 
 
Table 4.4 reveals that the conductivities calculated for elliptical vessel cross-sections are 
slightly lower than those for circular cross-sections; the decrease being 6.0 % for beech 
and 3.8 % for oak. However, the differences found in Table 4.4 were not statistically 
significant (p = 0.415 and 0.891 for beech and oak respectively). As such, it can be 
concluded that the elliptical analogon of the Hagen-Poiseuille equation cannot account for 
the discrepancies found between measured and calculated conductivities as reported in the 
literature. The calculated theoretical kh predicted by Hagen-Poiseuille’s law is 1.5 to 15 
times higher than the measured kh values (Tyree and Zimmermann, 1971; Schultz and 
Matthews, 1993; Lovisolo and Schubert, 1998). In their study on hydraulic conductivity in 
grapevine, Schultz and Mattews (1993) also found that correction of the Hagen-Poiseuille 
kh for the actual elliptical shape of the vessels resulted in only slightly lower kh-values 
(between 1.5 and 5.4 %). More recently, Martre et al. (2000) compared the theoretical to 
measured vessel conductivity in a grass leaf (Festuca arundinacea). These authors found a 
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good linear relationship (r = 0.86) between measured and calculated theoretical kh values 
(for ellipses); the slope being equal to 0.36.  
 
Based on this good proportionality, and notwithstanding the fact that the absolute 
theoretical kh values seem to overestimate the measured ones, it can be concluded that the 
Hagen-Poiseuille kh can be successfully used for the relative comparison of the hydraulic 
properties and function for plant and tree species. 
4.2.3 Stem specific hydraulic conductivity versus xylem hydraulic 
resistance 
It is clear that the hydraulic function of young tree stems can be inferred from wood 
anatomical characteristics and that differences in wood anatomy strongly affect the stem 
specific hydraulic conductivity values. It is therefore appropriate to establish at this 
moment of the study the link between the calculated theoretical stem specific hydraulic 
conductivity (ks) and the estimated xylem hydraulic resistance parameter (Rx) of the flow 
and storage model (Chapter 3). 
 
As discussed in Section 3.9.1.1, model identification from experimental data revealed that 
the hydraulic resistance (Rx) against water flow was higher for the young beech tree than 
for the young oak tree. On the other hand, it was found from the calculations in Section 
4.2.2.2 that the stem specific hydraulic conductivity (ks) of beech was lower than that of 
oak; conductivity being the inverse value of resistivity (rs) (see also Box 1.2). In Table 4.5 
the respective values are listed so that, in addition, the comparison between beech and oak 
is possible for Rx, ks and rs respectively. 
 
Table 4.5: Comparison of the hydraulic resistance model parameter (Rx), the stem 
specific hydraulic conductivity (ks) and the stem specific hydraulic resistivity (rs) for 
the young beech and oak tree. The standard deviation of the ratio ‘beech/oak’ was 
calculated according to the error propagation presented in Chapter 2 [Eq. (2.6)]. 
Hydraulic property Beech Oak Ratio ‘beech/oak’ 
Rx (MPa s mg-1) 0.1829 ± 0.0003 0.1072 ± 0.0007 1.71 ± 0.01 
ks (kg m-1 s-1 MPa-1) 4.956 ± 0.554 10.662 ± 1.625 0.47 ± 0.09 
rs (MPa s m kg-1) 0.202 ± 0.023 0.094 ± 0.014 2.15 ± 0.41 
 
At this point, it is noteworthy to mention that the calculated hydraulic resistivity rs 
(calculated as the inverse of ks) differs from the predicted hydraulic resistance Rx in 
absolute terms as well as in units. It was not possible to convert one into the other, and this 
for two reasons: (i) the actual length of the water transport pathway needed to convert rs 
into Rx was not precisely known (remark the deviation of vessels from their axial path in 
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Figure 4.11), and (ii) the parameter Rx used in the flow and storage model did not only 
include the resistance of the stem xylem, but in addition also incorporates the resistances 
the water encountered in branches and leaf petioles when it flows from roots to leaf 
surfaces. As the diameter of these branches and petioles is smaller than that of the stem, the 
sizes of their constituting vessels also decrease. As such, the resulting total hydraulic 
resistance in the xylem as estimated during model calibration is expected to be higher than 
the resistance calculated for the stem tissue only.  
 
Although it was not possible to directly compare rs with Rx in absolute terms, Table 4.5 
reveals an important result. Calculating the ratio of beech and oak for Rx and rs 
respectively resulted for Rx and rs in a value of approximately 2. This illustrates that the 
estimated hydraulic resistance and the calculated theoretical stem hydraulic resistivity 
against water flow in the xylem of the young beech is approximately two times that of oak. 
From the close link between wood anatomy and hydraulic efficiency for water transport 
along the flow pathway (Section 4.2.2), and from the good correspondence between the 
calculated ratio ‘beech/oak’ for Rx and rs in Table 4.5, it can be concluded that the marked 
difference in wood anatomy is responsible for the approximately two times higher specific 
Rx parameter estimated for beech compared to oak. This estimation obtained from 
calibration of the flow and storage model has a correct anatomical basis. 
4.3 Conclusions 
As the time-consuming and difficult procedure to obtain cross-sections of wood samples 
by microtomy (e.g. problems of cross-section curling and damage due to cutting) makes 
use of optical micrographs often impractical to those who need quantitative data of wood 
anatomical characteristics in a short period of time, a novel approach based on X-ray 
computed microtomography (microCT) was presented in the first part of this chapter. This 
technique for non-invasive determination of wood anatomical characteristics was tested 
against (the drawbacks and limitations of) classical microtomy. Newly developed software 
(‘µCTanalysis’) was thereby used to facilitate image processing of 2-D images in terms of 
speed and simplicity.  
 
The statistical analysis on the results obtained with ‘µCTanalysis’-software revealed that 
the new software permitted accurate and fast measurement of vessel characteristics of 
wood samples. Furthermore, visual inspection of slices produced with microCT revealed a 
very good correspondence with the micrographs of stained thin sections for both beech and 
oak samples. This close correspondence was also confirmed by statistical analysis. 
Therefore, it was argued that the use of micrographs can be substituted by microCT slices 
without loss of accuracy when needing detailed information on vessel characteristics 
(vessel diameter, vessel surface area, vessel density). It was found, however, that the wood 
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samples used for microCT should be oven dry. Wet samples, which still contained the 
glycerine-ethanol mixture, yielded much less contrast and image detail was lost.  
 
In addition, microCT also provided the possibility to explore the internal 3-D 
microstructure of the wood matrix. By stacking sequences of microCT slices with 
proprietary software of the instrument, 3-D renderings could be produced, showing the 
complexity of the vessel network in both the beech and the oak sample. Concluding the 
first part of this chapter with the statement that microCT in combination with 
‘µCTanalysis’ provided accurate information on vessel diameter, vessel surface area, 
vessel density and porosity, the link with the second part of this chapter was quickly 
established.  
 
It was demonstrated that the hydraulic characteristics of young tree stems (i.e. the stem 
specific hydraulic conductivity) could be successfully determined from wood anatomical 
information using the equation of Hagen-Poiseuille. However, using the equation of 
Hagen-Poiseuille to estimate hydraulic conductivities has its implications. Literature 
review revealed that measured conductivity values are often smaller than the theoretical 
calculated ones due to the finite length of vessels, the presence of pit membranes and the 
many irregularities of the cell wall. Also the not perfectly circular cross-section of the 
vessels was suggested as a possible explanation for the disagreement between measured 
and calculated conductivities. However, it was demonstrated that the use of the elliptical 
analogon of the Hagen-Poiseuille equation only slightly lowered the calculated 
conductivities and, hence, could not account for the large discrepancies reported in 
literature.  
 
Finally, it was illustrated that wood anatomy determined to a large extent the hydraulic 
conductivity and, hence, the hydraulic efficiency by which young tree stems transport 
water. From the relative contribution of different diameter classes to the total hydraulic 
conductivity, it was concluded that a few big vessels contribute significantly more to total 
conductivity compared to many small vessels. This was attributed to the proportionality of 
kh to the fourth power of the vessel diameter. Calculations revealed that the stem specific 
hydraulic conductivity of the diffuse-porous beech tree was approximately two times 
smaller than the conductivity for the ring-porous oak tree. As such, it was clearly 
demonstrated that during model calibration the almost two times higher Rx parameter 
estimated for beech in comparison with oak must be attributed to the difference in wood 


















Chapter 5 The performance of the flow and storage 






As was the case at the beginning of this study, the final Chapter 5 brings us back to the 
experimental forest ‘Aelmoeseneie’ situated near Ghent. Under the forest tree canopy, 
young beech and oak trees were planted in 2002 and used in 2003 for testing the 
performance of the flow and storage model (Chapter 3) in field conditions. Following the 
description of the experimental set-up established in the understorey of the forest, the 
simulations obtained with the ‘RCGro’ flow and storage model for both young tree species 
will be evaluated for the low-light conditions at the forest floor (recall that ‘RCGro’ was 
found to be the better model candidate to simulate the dynamic sap flow behaviour). 
Particular attention will be paid to the simulation of the stem diameter variation and the 
successive day/night cycles of stem sap flow in real conditions. Furthermore, estimates of 
diurnal water storage and tree-specific hydraulic characteristics will be assessed. 
5.1 Measurements in field conditions 
Notwithstanding the fact that in Chapter 3 the flow and storage model was already 
evaluated and found to perform well in growth room conditions, the question arises 
whether this model can also handle the more pronounced sap flow dynamics as they occur 
in the natural conditions of a forest. In order to address this question, an experimental set-
up was established in the experimental forest ‘Aelmoeseneie’. 
5.1.1 Set-up at the experimental forest ‘Aelmoeseneie’ 
For a general description of the experimental site, one is referred back to Chapter 1 
(Section 1.4.2.2). In late autumn 2002, 3-year-old beech trees and 2-year-old oak trees 
were planted under a natural canopy of ash trees. The next summer (July 2003) one beech 
and one oak tree, growing close to each other, were selected for sensor installation. 
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Dynagage sap flow sensors were installed at branch and stem level of the young trees 
(Figure 5.1); the diameters at these locations being 6.60 and 18.00 mm for beech and 5.85 
and 17.90 mm for oak. Sensor installation was performed according to the guidelines 
mentioned in the operation manual (van Bavel and van Bavel, 1990). To prevent sunlight 
from affecting the sensitive energy balance readings and to keep out water from the sensor, 
a weather shield was installed around each sap flow sensor. This aluminised weather shield 
was additionally wrapped with aluminium foil and a plastic bag. Diurnal changes in stem 
temperature were measured with a small thermocouple placed at the centre of the sensor 
heater to allow correction of the sap flow calculations for the heat storage term, as was 
discussed in Chapter 2 (Section 2.4.2.2).  
 
Figure 5.1: Experimental set-up in the understorey of the forest ‘Aelmoeseneie’. Left: 
sensor installation on a young beech tree showing a LVDT sensor at stem level and 
sap flow sensors at branch and stem level. Right: detailed view of the sap flow sensor 
and the LVDT sensor installed at stem level of the young beech tree. 
 
In addition to water transport in the xylem of the young tree, the variation of the stem 
diameter was measured as well (Figure 5.1). For this purpose, a LVDT sensor 
(MTN/IEUSW 05, Monitran Ltd., Belgium) was used; the working principle of this sensor 
being similar to the one presented in Chapter 2 (Section 2.4.3). As the LVDT sensor used 
for outdoor measurements had to be dust and water proof, a sensor with protection class 
IP-68 was chosen. In addition, the electronics to provide suitable AC power to the LVDT 
and to translate the displacements into a linearised mV signal were built in. This made the 
dimension of the LVDT housing much larger (body length = 210 mm) compared to the 
ones with an external transducer bridge used in the growth room. 
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Next to the continuous monitoring of the physiological tree processes, the microclimate at 
the forest floor was recorded as well. Air temperature was measured about 1.5 m above the 
ground level with a shielded thermocouple (type T, Omega, Netherlands), while at the 
same height the relative humidity was recorded with an RH-sensor (HIH-3605-A, 
Honeywell, USA). Soil temperature was measured at a depth of −15 cm with a 
thermocouple. A tensiometer (SWT6, Delta-T devices, UK) at a rooting depth of −20 cm 
was used to record the soil water potential. In addition to the incoming short-wave 
radiation measured at the top of the experimental tower (about 10 meters above the crown 
layer; see Chapter 1; Section 1.4.2.2), the photosynthetic active radiation reaching the 
forest floor was determined as well (PAR-sensor Li-190S, Li-COR, USA).  
 
All sensor outputs were recorded every 10 s and the 5 min averages were stored in the 
memory of the PC connected to the data acquisition system (HP75000 Series B and 
HP34970, Hewlett Packard, Colorado, USA). 
5.1.2 Light conditions at the forest floor 
It is difficult to measure the course of the light intensity under a forest canopy, as the 
prevailing light conditions at the forest floor are highly variable and dynamic. The 
difference in light intensity between a deeply shaded forest floor and the midday sun in the 
open can be about 200-fold, ranging from 10 to 2000 µmol PAR m-2 s-1. In addition to low 
average light intensities, the shaded forest floor beneath the tree canopy has two other 
important characteristics that affect plants (Ridge, 2002). Firstly, the spectral composition 
(i.e. the relative number of quanta at different wavelengths) is changed because of the 
wavelength selective absorption by the leaf canopy. As such, shade light contains 
proportionally fewer quanta in the wavelength range from 400 to 680 nm compared to full 
sun light; but it has proportionally more quanta in the far-red and infrared. Secondly, light 
conditions may change abruptly at the forest floor during the day, as discontinuities or gaps 
in the canopy may produce the so-called sunflecks. In this respect, the shaded leaves may 
then receive quite suddenly and short lasting a tenfold increase in light flux from these 
sunflecks.  
 
Figure 5.2 illustrates the effect of the tree canopy on the light intensity measured at the 
forest floor (about 1.5 m above ground level) during a sunny day in June. Note that the 
maximum short-wave radiation (Rs) of 850 W m-2 measured at 14 h corresponds to 1960 
µmol PAR m-2 s-1 [according to the rule of thumb the PAR intensity is about 50 % of Rs 
measured in the open and the mean amount of PAR photons per unit of energy equals 
4.61 µmol (Lemeur, 1994)]. 
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Figure 5.2: Comparison of the diurnal course of short-wave radiation (Rs) measured 
about 10 m above the top of the tree canopy on a sunny day in June 2003 (DOY 166) 
and the diurnal course of photosynthetic active radiation (PAR) measured about 1.5 m 
above the forest floor. 
 
While the diurnal course of Rs measured above the top of the tree canopy displayed its 
expected smooth sine shape typical for a sunny day (Lemeur, 1994), Figure 5.2 reveals that 
the light intensity measured just above the forest floor was characterized by a high degree 
of scatter. The sudden peaks observed during the diurnal course of PAR can thereby be 
attributed to sunflecks. Furthermore, due to the irregular occurrence of gaps in the tree 
canopy, the diurnal course of PAR may change from one spot in the forest to the other. For 
these reasons, it is rather difficult to measure the general course of light intensities with a 
good spatial accuracy. As for the young tree species that grew beneath the tree canopy, it 
might be expected that the complex low-light regime with fluctuating periods of direct and 
indirect sunlight may strongly affect their physiological processes, such as transpiration, 
photosynthesis and growth. 
5.1.3 Influence of low-light conditions on water transport in trees  
It is well-known that full sunlight can be detrimental for the photosynthetic apparatus, but 
deep shade also can limit plant growth and survival. Nevertheless, plants and young trees 
growing beneath a dense tree canopy have to cope with shade, and thus have to 
accommodate to the light currently available at each particular site in order to survive. This 
survival depends not only on their light requirements but also on their different acclimation 
capacity to shade as well (Welander and Ottosson, 1998).  
 
Beech is known to be one of the most shade-tolerant trees in the European forests 
(Valladares et al., 2002) and is undoubtedly more shade-tolerant than oak (Welander and 
Ottosson, 1998). As such, it was expected that the young beech trees that were planted 
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under the tree canopy in the experimental forest ‘Aelmoeseneie’ would be able to grow and 
survive despite the low-light conditions at the forest floor (Section 5.1.2); these 
expectations being less for the more light-demanding oak trees. However in spring, both 
the young beech and oak trees showed good bud burst, indicating that both tree species 
were physiologically active. Welander and Ottosson (1998) indeed demonstrated that, 
despite the higher shade-tolerance of beech, young trees of oak and beech were equally 
capable of survival and growth under very low light conditions; a conclusion also 
confirmed by Valadares et al. (2002). The latter authors showed that young oak trees 
exhibited a higher physiological plasticity in response to light than beech, which they 
attributed to the known trade-off between survival in deep shade and considerable growth 
in high light conditions. However, the equal tolerance to low-light conditions seems to 
hold only for very young trees. It was demonstrated that as trees grew older, the oak trees 
were more influenced by a small reduction in light availability than were beech trees 
(Welander and Ottosson, 1998). Thus, with increasing age, the growth of young oak trees 
is more depressed than growth of young beech trees at low-light intensities. Such an 
increased intolerance to shade with development of young oak trees has also been 
described by Carvell and Tryon (1961). For beech, however, it is known that they grow 
and develop well under both full sunlight and heavily shaded conditions, and that they are 
able to maintain living branches in a wide range of light environments, including the deep 
shade of the under-canopy (Tognetti et al., 1997). 
 
Despite the low-light conditions measured at the floor of the ‘Aelmoeseneie’ forest, all 
young trees were physiologically very active (in 2003) and, hence, could be successfully 
used for measurements of sap flow and stem diameter fluctuation. The correspondence 
between total daily water use for the young beech and oak tree and daily time-integrated 
values of short-wave radiation (radiation integral ΣRs) measured above the tree canopy is 
depicted in Figure 5.3a. The radiation integral of Rs and the daily totals of water use were 
estimated by summing the 5-min values of Rs and stem sap flow respectively; both 
multiplied by the time interval (5 min). 
 
Despite the differences that exist between the diurnal course of short-wave radiation 
measured above the tree canopy and the light intensities measured at the forest floor 
(Figure 5.2), a good correspondence was found between the radiation integral and the total 
daily water use for the young beech and oak tree. Due to the low-light conditions at the 
forest floor (the PAR intensity fluctuated between 0 and 125 µmol m-2 s-1), the absolute 
amounts of total daily water use were only slightly lower than the ones found in the growth 
room. This finding also proves that the growth room measurements were very meaningful 
within the context of this study. 
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Figure 5.3: (a) Comparison between the total daily water use for the young beech tree 
and the young oak tree and the time-integrated values of short-wave radiation 
(radiation integral ΣRs as vertical bars) measured during July 2003. (b) Soil water 
potential measured at a rooting depth of –20 cm during the same period. The data 
subsets used for model calibration and validation are also indicated in figure (a). 
 
Figure 5.3a further reveals that the young oak tree used more water on a daily basis than 
the young beech tree, despite the fact that both trees were of similar height, had an almost 
equal stem diameter and a comparable total leaf area surface (i.e. 0.395 and 0.343 m2 for 
beech and oak respectively).  
 
In their study on the effect of low-light conditions on young beech and oak trees, 
Valladares et al. (2002) found that the photosynthetic rates of beech were inherently lower 
than those of oak, which, in turn, might be related to a lower transpiration rate for beech 
compared to oak (as transpiration is linked with photosynthesis through stomatal 
resistance; Chapter 1). Visual inspection of Figure 5.3 further revealed a systematic 
decrease of the difference in water use for both tree species as the days proceeded. This 
might be caused by the decrease in soil water potential (i.e. more negative values) during 
the measurement period, i.e. from −0.013 MPa at DOY 194 to −0.067 MPa at DOY 205 
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Now that it has been shown that both young tree species produced realistic values of water 
use, the performance tests of the flow and storage model can be carried out in field 
conditions. As already indicated in Figure 5.3, the data set measured for the young beech 
and oak tree was divided into two data subsets. The first one was used to calibrate the 
‘RCGro’ flow and storage model, whereas the second one was used for validation 
purposes.  
5.2 Tests of the ‘RCGro’ model in field conditions  
5.2.1 Case of a young beech tree 
To test the performance of the ‘RCGro’ flow and storage model (model description is 
given in Chapter 3; Section 3.3) on experimental data for the young beech tree grown in 
the understorey of the experimental forest ‘Aelmoeseneie’, two data subsets were selected. 
The first set of data (‘DOY 194-199’ or 13-18 July 2003) was used to calculate the 
estimates of the parameters of the ‘RCGro’ model; whereas the second data set (‘DOY 
200-205’ or 19-24 July 2003) was used to verify whether the ‘RCGro’ model fitted with 
these parameters was able to describe the dynamics of the experimental data that had not 
been used for calibration. Figure 5.4 shows the diurnal courses of the transpiration rate (E) 
used as input variable for the model, together with the diurnal courses of short-wave 
radiation (Rs), air temperature (Ta) and vapour pressure deficit of the air (Da). The reason 
for displaying light intensity measurements above the tree canopy rather than light 
intensities measured at the shaded forest floor was the easy discrimination between sunny 
and cloudy days.  
 
As was done in Chapter 3, the diurnal courses of branch sap flow were used as a surrogate 
for the diurnal courses of whole-tree leaf transpiration E. Instead of using leaf areas as 
scaling factor (as was done in Chapter 3), the sap flow rates measured at branch level for 
this field study in the forest were scaled up to whole-crown level using the following 
procedure: for each 5-min measurement, branch sap flow was normalized with respect to 
the total daily branch sap flow and then multiplied by the total daily sap flow measured at 
the stem base of the tree to obtain as such estimates of the whole-tree leaf transpiration 
(James et al., 2003). In this way, the sap flow dynamics between branch and stem 
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Figure 5.4: Diurnal courses of whole-tree transpiration rate (E) for the young beech 
tree grown in the understorey of the experimental forest ‘Aelmoeseneie’ (c and f). The 
data set is divided into two subsequent data subsets: (c) DOY 194-199 used for 
calibration of the ‘RCGro’ model, and (f) DOY 200-205 used for validation purposes. 
The diurnal courses of short-wave radiation Rs (a and d) measured above the forest 
canopy, and air temperature and vapour pressure deficit of the air (b and e) measured 
about 1.5 m above the forest floor are also shown. The measured data were obtained 
every 5 min. The dotted lines indicate the limits of 24 h periods. 
 
As indicated by the diurnal courses of Rs (Figure 5.4a), the first 3 days of the calibration 
data subset were sunny, followed by cloudy ones during the next 3 days. This irregular 
covered sky with patchy clouds also occurred during the validation data set (Figure 5.4d), 
with exception of the first day. The resulting E of the young beech tree grown at the forest 
floor is shown in Figure 5.4c and Figure 5.4f. To identify the parameters of the ‘RCGro’ 
model from the experimental data, the set of E data shown in Figure 5.4c was used as input 
for the model. Sap flow measured at the stem base of the young tree together with the stem 
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estimated parameters, together with their 95 % confidence interval and their error 
percentage are shown in Table 5.1.  
 
Table 5.1: Estimated parameter values of the ‘RCGro’ model for the young beech tree 
grown under the tree canopy in the experimental forest ‘Aelmoeseneie’. The period 
DOY 194-199 was selected for calibration. The 95 % confidence interval (95 % CI) 
and the error percentage (error %)  for the estimated parameters are also given. 
Parameter Symbol Unit Value 95 % CI Error %
Stem capacitance  C(stem) mg MPa-1 1600.9 [1580.4–1621.5] 1.28 
Crown capacitance C(crown) mg MPa-1 1334.0 [1271.3–1396.6] 4.70 
Xylem hydraulic resistance Rx MPa s mg-1 0.1430 [0.1403–0.1457] 1.89 
Empirical parameter β – 0.3189 [0.3188–0.3190] 0.02 
Cell wall extensibility φ MPa-1 s-1 3.91 × 10-7 [3.87×10-7–3.95×10-7] 1.00 
Radial hydraulic conductivity L m MPa-1 s-1 1.63 × 10-8 [1.61×10-8–1.64×10-8] 0.91 
 
Table 5.1 shows that the error percentages of the estimated parameters are relatively small, 
which correspond with small confidence intervals. As such, the estimates can be 
considered reliable. When comparing the hydraulic estimated parameter values with the 
ones obtained in growth room conditions throughout the growing season (Table 3.11) it is 
found that C(stem) and C(crown) are 1.4 and 0.9 times the respective maximum value 
shown in Table 3.11. As for Rx, its value is 0.8 times that estimated for the beech tree 
grown in growth room conditions. These results indicate that the low-light conditions at the 
forest floor (PAR intensity being about half that measured in the growth room) induce a 
smaller hydraulic resistance and a higher stem capacitance while the crown capacitance is 
more or less the same. The observed differences are discussed further in Section 5.3. 
 
The best-fit parameters of ‘RCGro’ listed in Table 5.1 were used for simulation with input 
data the set of E values either selected for calibration (Figure 5.4c) or validation (Figure 
5.4f). The simulated results obtained for stem sap flow [F(stem)] and stem diameter 
variation (D) are presented in Figure 5.5, together with the experimental data for 
comparison. In order to compare the model simulations with the experimental data in a 
more quantitative way, scatter plots were produced (Figure 5.6). The coefficients of 
determination were also calculated. 
 
Visual inspection of Figure 5.5a and Figure 5.5b reveals that the model simulations 
obtained with the identified ‘RCGro’ model were in very good agreement with the real 
measured day/night courses of F(stem) and D. This is confirmed by the high linear 
determination coefficients (R²) shown in Figure 5.6a and Figure 5.6b. A good agreement 
between simulations and measurements and high linear determination coefficients were 
also found for the validation data subset [Figure 5.5c and 5.5d and Figure 5.6c and 5.6d for 
F(stem) and D respectively]. In addition to the diurnal day/night cycles of stem sap flow 
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and diameter variation, the model was also able to predict very well the more pronounced 
variations in F(stem) and D caused by heavy cloud cover which reduced the incoming solar 
energy to a high extent. This is clearly illustrated in Figure 5.5 for DOY 198 and DOY 
205. As such, it can be concluded that ‘RCGro’ has a good predicting power and, hence, 
can be applied for the correct simulation of the stem sap flow and diameter fluctuation of 
the young beech tree growing in forest conditions. The extra dynamic variation, introduced 
in the data sets of F(stem) and D when patchy clouds cover the sun disk for either very 
short or longer time periods, is also very well predicted.  
 
Figure 5.5: Model calibration (a and b; DOY 194-199) and model validation (c and 
d; DOY 200-205) for the young beech tree grown under the tree canopy in the 
experimental forest ‘Aelmoeseneie’. The simulated results for stem sap flow rate 
[F(stem)] and stem diameter variation (D) were obtained with the ‘RCGro’ model. 
Measured data were obtained every 5 min. The dotted lines indicate the limits of 24 h 
periods. 
 
The slight discrepancies displayed between measured and simulated diameter fluctuations 
in the validation data subset (Figure 5.5d) might indicate that the capacitance of the bark 
was slightly underestimated using the selected calibration data set. Adding 2 extra days of 
the validation set to the calibration set might have yielded a slightly higher estimated 
C(stem) value, resulting in somewhat larger diurnal diameter fluctuations (i.e. larger 
amplitudes). However, in this case the simulated diurnal diameter fluctuations then 
probably had overestimated the measured ones during the first 3 days of the calibration 
data set (i.e. DOY 194-196). This effect demonstrates the importance of proper data subset 
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selection for model calibration and the difficulties that can be encountered when one has to 
divide a global data set in a calibration and a validation subset.  
 
Figure 5.6: Scatter plots for the young beech tree grown under the tree canopy in the 
experimental forest ‘Aelmoeseneie’ of measured and simulated data of the sap flow 
rate at stem base [F(stem)] for the calibration set (a) and the validation set (c), and 
the stem diameter variation (D) for the calibration set (b) and the validation set (d). 
The simulations were obtained with ‘RCGro’. The dashed lines represent the 1:1 
relationship. The coefficients of determination are also shown. 
5.2.2 Case of a young oak tree 
The study on sap flow dynamics performed under controlled conditions in the growth room 
(Chapter 3) already revealed remarkable differences between young beech and oak trees in 
terms of diurnal water storage capacity and hydraulic capacitances and resistances. The 
experimental set-up established in the experimental forest ‘Aelmoeseneie’ permitted the 
evaluation of these findings in field conditions. For this purpose, the ‘RCGro’ model, 
already calibrated and validated for beech (Section 5.2.1), was also identified from 
experimental data obtained for the young oak tree. As a comparative study of both young 
tree species is only useful when measurements are carried out under identical 
environmental conditions, the same days as for beech were selected for model calibration 
and validation, i.e. ‘DOY 194-199’ and ‘DOY 200-205’ respectively. The response of the 
whole-tree leaf transpiration rate (E) for the young oak tree on its surrounding 
microclimate is presented in Figure 5.7; E being calculated as described in Section 5.2.1. 
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Figure 5.7: Diurnal courses of whole-tree transpiration rate (E) for the young oak 
tree grown in the understorey of the experimental forest ‘Aelmoeseneie’. The data set 
is divided into two subsequent data subsets: (a) DOY 194-199 used for calibration of 
the ‘RCGro’ model, and (b) DOY 200-205 used for validation purposes. The measured 
data were obtained every 5 min. The dotted lines indicate the limits of 24 h periods. 
 
Comparison of Figure 5.4 and Figure 5.7 reveals that the young oak tree responded to the 
dynamic variations in both cloud cover and vapour pressure deficit of the air in a very 
similar way as beech. The small differences in peak dynamics observed between both 
young tree species might be attributed to differences in sunflecks; the sunflecks being 
specific for every particular spot at the forest floor. 
 
Using the selected calibration set of E values (Figure 5.7a) as model input, and the 
corresponding data set of F(stem) and D for model identification, the parameter values of 
‘RCGro’ were estimated for the young oak tree. The resulting best-fit estimates of the 
parameters are presented in Table 5.2, together with their 95 % confidence interval and 
error percentage. 
 
Table 5.2: Estimated parameter values of the ‘RCGro’ model for the young oak tree 
grown under the tree canopy in the experimental forest ‘Aelmoeseneie’. The period 
DOY 194-199 was selected for calibration. The 95 % confidence interval (95 % CI) 
and the error percentage (error %)  for the estimated parameters are also given. 
Parameter Symbol Unit Value 95 % CI Error % 
Stem capacitance  C(stem) mg MPa-1 3137.1 [3083.4–3190.8] 1.71 
Crown capacitance C(crown) mg MPa-1 5750.0 [5626.7–5873.3] 2.14 
Xylem hydraulic resistance Rx MPa s mg-1 0.0619 [0.0610–0.0629] 1.57 
Empirical parameter β – 0.3046 [0.3045–0.3046] 0.02 
Cell wall extensibility φ MPa-1 s-1 1.42 × 10-6 [1.38×10-6–1.46×10-6] 2.58 
Radial hydraulic conductivity L m MPa-1 s-1 1.33 × 10-7 [1.31×10-7–1.36×10-7] 2.01 
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The relatively low error percentages shown in Table 5.2 and, hence, the relatively small 
confidence intervals, indicate that the calculated estimates of the parameters can be 
considered as reliable. The magnitudes of the errors are comparable to the ones found for 
beech (Table 5.1). Comparison of the hydraulic parameter values with the ones estimated 
for oak in growth room conditions (Table 3.13) reveals that C(stem) and C(crown) are 1.2 
and 1.7 times larger than the respective maximum value reported in Table 3.13, while Rx is 
only 0.6 times the hydraulic resistance of the oak grown in the growth room. Again it is 
found that the low-light conditions at the forest floor induce a larger stem capacitance and 
a smaller xylem resistance compared to the oak grown in growth room conditions. A 
further discussion on these parameters and a comparison between beech and oak is given in 
Section 5.3. 
 
In Figure 5.8 the simulation results, obtained with the ‘RCGro’ model and the parameter 
values listed in Table 5.2, are plotted. Depending on the data set used for E, a distinction 
was made between calibration and validation. In order to compare the simulations with 
experimental data in a more quantitative way, scatter plots were produced and coefficients 
of determination were calculated (Figure 5.9). 
 
Figure 5.8: Model calibration (a and b; DOY 194-199) and model validation (c and 
d; DOY 200-205) for the young oak tree grown under the tree canopy in the 
experimental forest ‘Aelmoeseneie’. The simulated results for stem sap flow rate 
[F(stem)] and stem diameter variation (D) were obtained with the ‘RCGro’ model. 
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A good correspondence was found between measured and simulated F(stem), for both the 
calibration (Figure 5.8a) and the validation set (Figure 5.8c). This is confirmed by the high 
linear coefficients of determination (R2) and the scatter plots shown in Figure 5.9a and 
Figure 5.9c. The good agreement found between simulated and measured data illustrates 
that the flow and storage model did not encounter any difficulties to accurately predict the 
extra dynamics introduced by the more pronounced variation in the microclimate which 
inherently occurs during field measurements. Note, however, that this could be expected 
because, as already explained in Chapter 3 (Section 3.7.3), the basis of the model is a water 
balance without any production of water in the system. Thus, the only possible difference 
that can exist between the input E and the sap flow F(stem) is the time delay caused by the 
accumulation of water in the storage tissues. 
 
Figure 5.9: Scatter plots for the young oak tree grown under the tree canopy in the 
experimental forest ‘Aelmoeseneie’ of measured and simulated data of the sap flow 
rate at stem base [F(stem)] for the calibration set (a) and the validation set (c), and 
the stem diameter variation (D) for the calibration set (b) and the validation set (d). 
The simulations were obtained with ‘RCGro’. The dashed lines represent the 1:1 
relationship. The coefficients of determination are also shown. 
 
The dynamics introduced in the sap flow behaviour by the accumulation of water in the 
storage tissues is reflected clearly by the diurnal courses of the stem diameter fluctuation. 
Although the diurnal sequences were predicted well for the overall stem diameter 
fluctuation (Figure 5.8b), larger discrepancies between simulated and measured values of 
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D were found compared to beech (Figure 5.5b). For some days the model overestimated 
the diurnal shrinkage (DOY 194 and DOY 198), while for other days the measured diurnal 
shrinkage was underestimated (DOY 196 and DOY 197). Also the scatter plot revealed 
these over and underestimations (see data points above and below the 1:1 relationship in 
Figure 5.9b). When looking for an explanations, two possible reasons might be put 
forward: (i) the equations which are incorporated in ‘diameter variation’-submodel do not 
take into account some particular physiological process that seems to occur in reality, or 
(ii) the performance of the LVDT sensor was not good and less accurate. As for the first 
reason, it is important to notice that the model, working perfectly well for growth room 
experiments (see Chapter 3; Section 3.7 and Section 3.8), shows larger discrepancies 
between simulations of D and experimental data when evaluated for forest conditions. This 
is true for both the beech and the oak tree (Figure 5.5b and Figure 5.8b). Often this has not 
only to do with more difficult measurement conditions. Plants in their ‘natural’ 
environment tend to behave slightly different from those investigated in growth room 
conditions. Notwithstanding the fact that the model works quite well to predict D (Figure 
5.5b), it can be expected that the model does not include every relevant factor occurring in 
the field for such a complex phenomenon as water storage dynamics. 
 
In case of the oak tree, however, the discrepancies were more pronounced compared to 
beech (Figure 5.8b and Figure 5.5b respectively) and this for the whole calibration data set. 
Therefore, an additional reason for the larger discrepancies might be the inaccurate 
performance of the LVDT sensor. This can best be illustrated by focusing on DOY 198. 
Whereas for the young beech tree a very good agreement was found between measured and 
simulated D during DOY 198 (Figure 5.5b), the correspondence for the young oak tree was 
very low (Figure 5.8b). Because the sap flow profiles were very alike for both young trees 
during this day, one might argue that the model prediction of D for oak, which closely 
resembles that of beech, is more realistic than the experimental data itself. Taking into 
account the relatively large dimensions of the LVDT sensor used in the forest compared to 
the relatively small stem diameter of the young tree (Figure 5.1), it might be not a surprise 
that the wrong-positioning of the sensor (i.e. slight deviation of the perpendicular position 
with respect to the vertical stem) would lead to a measurement error. As for the young oak 
tree, the sensor seemed not to be installed ideally in order to determine the stem’s diameter 
variation with all its fine detail. As such, it can be argued that the measurements of D for 
the young oak tree were correct for their global diurnal variation, but that the experimental 
data lacked fine details especially for the minima and the maxima. This latter phenomenon 
was more pronounced during very cloudy days (i.e. DOY 198).  
 
Despite the fact that fine details were less clear in the measured data set of D, the diurnal 
sequence and growth trend were simulated in a proper way. This was also confirmed by the 
determination coefficient (R2) being still larger than 0.8 (Figure 5.9b). The deviations 
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between simulated and measured data became less as time proceeded (illustrated in the 
validation data set of Figure 5.8d). This is probably due to a better contact between LVDT 
and stem as the young tree grew older and thicker.    
 
In conclusion, it is shown that, when proper identified, the ‘RCGro’ flow and storage 
model is a well-suited tool to predict stem sap flow and stem diameter fluctuations. This is 
also true for young trees grown under the tree canopy of a forest. Despite the fact that the 
discrepancies between measured and simulated D were slightly larger than those 
encountered in growth room experiments, the performance of the flow and storage model 
was not negatively affected by the introduction of extra dynamics in the experimental data 
sets encountered during field measurements and due to the higher variability in 
microclimatic variables in comparison with growth room experiments. As the performance 
of the model is now tested and found to be reliable for both the young beech and oak tree, 
the estimated parameter values can be compared and additional ‘young tree-water’ 
relations can be assessed. 
5.3 Comparison between the forest-grown beech and oak tree 
An important advantage of the ‘RCGro’ model is that the dynamics of water flow in a tree 
can be linked with the behaviour of parameters and/or variables that are sometimes very 
difficult to determine experimentally. In this section, parameters identified for the young 
beech and oak tree grown at the forest floor will be compared. At the same time possible 
differences or resemblances with the ones obtained in the growth room experiments 
(Chapter 3), will be discussed. Furthermore, attention will be paid to some important 
relationships between stored water, water potential and sap flow. 
5.3.1 Water potential and hydraulic resistance 
As water movement in plants is governed by two fundamental factors, i.e. the driving force 
exerted by the leaf water potential and the resistance along the flow path of water (Boyer, 
1985), it is appropriate to analyse how both factors relate to each other for the case of the 
young beech and oak tree grown in the understorey of a forest. The diurnal sequence of 
stem and crown water potential for the young beech and oak tree was simulated for the 
calibration period (DOY194-199) using the tree-specific parameters listed in Table 5.1 and 
Table 5.2 respectively. The results are shown in Figure 5.10. 
 
As was also found in the growth room experiments (Chapter 3; Section 3.8.3), Figure 5.10 
shows that the xylem water potential of the stem is only half that of the leaves. This is 
consistent with the cohesion-tension theory, which defines that the leaf water potential at 
the final end of the water flow pathway needs to be the most negative in order to pull water 
upwards. The simulated water potentials Ψx(stem) and Ψx(crown) varied within a plausible 
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range from –0.02 to –0.57 and from –0.02 to –1.14 MPa for the beech tree, and within a 
range from –0.02 to –0.43 and from –0.02 to –0.85 MPa for the oak tree. No diurnal 
courses of leaf water potential were continuously measured for the young trees grown at 
the forest floor. However, for both young trees 5 separate leaf water potential readings 
were taken with the ‘Scholander’ pressure chamber at solar noon on DOY 195. The mean 
leaf water potential [Ψx(crown)] was found to be (–1.16 ± 0.08) MPa for beech and (–0.64 
± 0.10) MPa for oak, which is in close agreement with the simulated ones. The comparison 
of the leaf water potential in the forest with the one measured in the growth room (Section 
3.8.3) revealed that the absolute values were less negative in the forest. This might be due 
to the lower transpirational losses in the forest caused by the relatively higher air humidity 
prevailing at the forest floor (80 % in the forest compared to 65 % in the growth room). 
 
Figure 5.10: Simulated diurnal sequences of the xylem water potential of the stem 
[Ψ x(stem)] and the leaves [Ψ x(crown)] for (a) the young beech tree and (b) the 
young oak tree. The simulations were performed with the ‘RCGro’ model. The results 
of the calibration period (DOY 194-199) are shown. 
 
However, water transport in trees does not only depend on the driving forces originating 
from the negative gradient in xylem water potential, but also on the hydraulic resistance 
the water flow encounters as it moves in response to the suction forces at leaf level. The 
tree-specific Rx parameter for beech and oak was estimated to be 0.1430 ± 0.0014 and 
0.0619 ± 0.0005 MPa s mg-1 respectively (see Table 5.3). As noticed in Section 5.2.1 and 
Section 5.2.2, both these values are lower than those estimated for the young trees in the 
growth room. Perhaps the growth conditions at the forest floor caused a slight increase in 
vessel diameter to ease the transport of water to the leaves, which developed lower water 
potentials. In spite of the fact that in forest conditions the resistance against water flow was 
lower for both tree species, the resistance ratio between beech and oak revealed that Rx of 
beech was 2.31 ± 0.03 times larger than the one for oak. As this ratio is consistent with the 
ratio found for the theoretical stem specific hydraulic resistivity as determined in Chapter 4 
from the wood anatomical properties (i.e. 2.15 ± 0.41; Chapter 4; Section 4.2.3), it can be 
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concluded that also in the forest conditions, the difference in wood anatomy was truly 
responsible for the two times higher hydraulic resistance for beech than for oak. As such, 
the model also yields good differences in hydraulic resistances for young beech and oak 
trees growing in the understorey of a forest. 
5.3.2 Hydraulic capacitance 
Through identification of the ‘RCGro’ model from experimental data obtained for the 
forest-grown beech and oak tree (Section 5.2), tree-specific estimates for the hydraulic 
capacitance of the stem and the crown storage compartment were obtained. The results are 
given in Table 5.3.  
 
Table 5.3: Xylem hydraulic resistance (Rx) and  hydraulic capacitance (C) of the stem 
and the crown for the young beech and oak tree grown under the tree canopy in the 
experimental forest ‘Aelmoeseneie’. Estimated values and standard errors are given. 
Parameter Beech Oak 
Rx (MPa s mg-1) 0.1430 ± 0.0014 0.0619 ± 0.0005 
C(stem) (mg MPa-1) 1600.9 ± 10.5 3137.1 ± 27.4 
C(crown) (mg MPa-1) 1334.0 ± 32.0 5750.0 ± 62.9 
 
Whereas for oak the capacitance of the crown storage compartment was almost double that 
of the stem storage compartment, the stem and crown capacitances were nearly the same 
for beech. Based on these results and also on the insight gained in the time evolution of the 
model parameters throughout the growing season (Section 3.9.2), it might be suggested 
that the beech and oak tree were at a different developmental stage. The similar 
capacitance estimated for stem and crown of the beech tree, a result also found for Period 1 
in the study on the time evolution of the model parameters [i.e. 1115.5 and 1447.5 mg 
MPa-1 for C(stem) and C(crown) in growth room conditions; Section 3.9.2.1], might 
indicate that growth and development of stem and leaves were in an earlier stage for beech 
compared to oak [i.e. 939.8 and 3278.6 mg MPa-1 for C(stem) and C(crown) in growth 
room conditions;  Section 3.9.2.2]. This is confirmed by the different growth of the stem of 
the trees. Whereas the stem diameter of the young beech tree increased about 40 µm during 
the 5-day calibration period (a growth of approximately 0.22 % with respect to the initial 
stem diameter), the stem diameter of the oak tree only grew 20 µm (0.11 %). 
 
In addition to the difference between C(stem) and C(crown) for beech and oak, Table 5.3 
further reveals that the magnitude of the capacitances was larger for oak than for beech. 
This is consistent with the results presented in Chapter 3 (Section 3.9.2). The larger stem 
storage capacitance for oak can be attributed to its larger cell wall elasticity (Larcher, 
2003). Model simulations indeed revealed than the mean daytime elastic modulus ε was 
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(15.8 ± 0.6) MPa for beech and (14.8 ± 0.7) MPa for oak. Due to the higher elasticity of 
the stem storage cell walls (i.e. bark tissue) for oak [a greater elasticity being expressed as 
a smaller elastic modulus (Lambers et al., 1998)], the bark tissue could store and release 
more water compared to the beech tree. This is also confirmed by the amplitude of the 
diurnal stem diameter fluctuation due to changes in water storage. For oak, the daily 
maximum shrinkage, defined as the difference between the morning maximum and the 
subsequent minimum, was calculated to be (45 ± 6) µm, while the daily maximum 
shrinkage for beech was only (30 ± 7) µm. 
 
As for the absolute values of the capacitance parameters, it was found that they are larger 
(up to 1.7 times) than the maximum ones estimated through model identification for the 
young trees in the growth room (Table 3.11 and Table 3.13), with exception of the crown 
capacitance for beech (Section 5.2.1). These results indicate that young trees growing in 
natural conditions beneath a forest canopy develop larger capacitances, which implies that 
more water is available per unit of pressure drop in the storage compartment. Hence, more 
internally stored water can directly contribute to the transpiration stream per unit of 
pressure drop whenever there exists an imbalance between water uptake and water loss. 
This might be an important advantage for young trees that have to survive the more 
pronounced microclimatic variations occurring in natural environments.  
5.3.3 Diurnal water storage capacity 
Utilization of the ‘RCGro’ flow and storage model also makes it possible to separate the 
stem storage pool (living part of the stem bark) from all the other storage tissues in the 
young trees; these other storage locations being defined as the crown storage pool 
including the leaves as well as the bark and the wood of the branches (Chapter 3). In 
addition to stem sap flow and stem diameter variations (Section 5.2), the model allows 
simulation of the diurnal courses of water flow in and out of the stem and crown storage 
pool. It is possible to estimate the absolute amounts of internally stored water on the one 
hand, and to interpret the species-specific functionality of ‘young tree-water’ relations on 
the other; e.g. the contribution of internally stored water to the total daily transpiration.  
 
In Figure 5.11 the simulations of the flow rate in and out of the stem [f(stem)] and the 
crown [f(crown)] storage pool are plotted for 3 sunny days (‘DOY 194-196’) and 3 
‘cloudy’ days (‘DOY 197-199’) and for beech and oak respectively. The procedure for 
classifying a day to be either sunny or cloudy was based on the shape of the diurnal course 
of short-wave radiation (Rs) measured above the tree canopy; sunny being assumed when 
the course of  Rs showed a smooth sine shape and cloudy when the smooth sine shape was 
disturbed by scatter due to clouds (Figure 5.4a). 
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Figure 5.11: Simulated flow rates into and out of the bark [f(stem)] and the crown 
[f(crown)] storage pool during 3 sunny days (see Figure 5.4: ‘DOY 194-196’) and 3 
‘cloudy’ days (see Figure 5.4: ‘DOY 197-199’) for the beech tree (a and b) and the 
oak tree (c and d) grown in the understorey of the experimental forest ‘Aelmoeseneie’. 
Negative values indicate the depletion of the respective pool whereas positive values 
indicate the replenishment of the pools. 
 
As was the case for the trees used in the growth room experiments (Chapter 3), internally 
stored water was withdrawn daily from the crown and the stem, and subsequently refilled 
in late afternoon and during the night. In order to compare a typical sunny day (DOY 196) 
with a real cloudy day, DOY 198 was selected from the ‘cloudy’ data set (‘DOY 197-
199’). During this day the incoming short-wave radiation was decreased most (as is shown 
in Figure 5.4a) and, as such, this day was considered to be the most representative cloudy 
one. Comparison of the sunny with the cloudy day shows that the sequence of depletion 
and replenishment of internally stored water differed. On the sunny day water was 
withdrawn from the storage pools from the morning to the late afternoon. This water 
withdrawal is characterised by many peaks. On the cloudy day, on the contrary, two 
distinct periods of water withdrawal were found (one in the morning and one in the 
afternoon), which were more smooth and showed no peaks. The peaks that characterised 
the water withdrawal on the sunny day might be attributed to sunflecks, which last for only 
a few minutes and briefly afflict the shaded leaves of the young beech and oak tree 
growing at the forest floor. As such, Figure 5.11 also indicates that the complex and 
dynamic light regime prevailing at the forest floor (Section 5.1.2) causes the f(pool) to be 
highly dynamic with respect to the course of the light regime on a sunny day. Note that 
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DOY 197 and DOY 199 show a similar dynamic pattern and, therefore, they should not be 
classified as real cloudy, but rather as transitional days (this also being shown by their 
courses of short-wave radiation in Figure 5.4a). On the real cloudy day, however, the 
sunflecks responsible for the extra dynamics in f(pool) during the day were reduced to a 
minimum or were non-existing. This resulted in a much smoother sequence of stored water 
withdrawal and replenishment as displayed in Figure 5.11. 
 
The total diurnal water storage capacity (DWSC) as defined by Goldstein et al. (1998) 
(Section 3.9.1.4) was estimated at 2.6 and 1.7 g d-1 for beech and at 6.8 and 4.8 g d-1 for 
oak for the sunny and cloudy day respectively. This indicates that, on the cloudy day, less 
water was withdrawn from the internal water storage pools (stem + crown) for direct 
contribution to transpiration. However, the contribution of internally stored water to the 
total daily transpiration does not only depend on the absolute amounts of water withdrawn, 
but also on the transpiration rate and the amount of water transpired daily. As such, it was 
calculated that, on the sunny day (DOY 196), about 2.2 and 3.4 % of the water transpired 
was directly withdrawn from internal reserves for beech and oak respectively. These 
contributions rose to as much as 3.1 and 4.2 % respectively on the cloudy day (DOY 198). 
The increased contribution of internally stored water to the total daily transpiration during 
cloudy days is consistent with the study of Zweifel et al. (2001). These authors reported an 
increase in contribution from 10 % on sunny days to as much as 65 % on cloudy days for 
young Norway spruce trees [Picea abies (L.) Karst.].  
 
Furthermore, Figure 5.11 illustrates that the two storage pools were depleted daily and 
therefore contributed to the total daily transpiration for several hours, ranging from periods 
of 4 up to 7 h. As observed above in the comparative study between a sunny and a cloudy 
day, the contribution of internally stored water to the total daily transpiration does not only 
depend on the absolute amounts of water withdrawn, but also on the total amount of daily 
transpired water, which varied between 54 and 115 g for beech and 113 and 205 g for oak 
during the calibration period (DOY 194-199). For each day of the calibration period, the 
diurnal water storage capacity was estimated as described in Section 3.9.1.4 and was used 
to calculate the mean DWSC as listed in Table 5.4. Furthermore, the mean total daily leaf 
transpiration (E) measured during that period is also given, as well as the contributions to E 
of stored stem and crown water, respectively. 
 
Table 5.4 reveals that the main storage locations of the young trees (crown and stem) 
differed in importance. The crown storage seemed to be quantitatively more relevant for 
contribution to the total daily transpiration of the young trees, whereas the stem storage 
seemed to be of less importance. This is in accordance with the results found in Chapter 3 
(Section 3.9.1.4 and Section 3.9.2). The crown storage of oak was approximately twice that 
of beech and contributed about 63 and 78 % to the total water amount withdrawn from the 
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internal storage tissues for beech and oak respectively. Based on model calculations for 
western red cedar (Thuja occidentalis L.) Tyree (1988) reported that about 37 to 74 % of 
the contributed water to transpiration was withdrawn from the leaves, while Zweifel et al. 
(2001) estimated the crown storage contribution at 87 % for young Norway spruce trees. 
Based on the geometry of the young tree stems in the forest and assuming that 40 % of the 
volume of the stem storage compartment was taken in by water, it was calculated that the 
young beech tree discharged and replenished only 3.7 % of the available water stored in 
the bark within a day, whereas this was found to be 6.2 % for the young oak tree. 
 
Table 5.4: Total daily leaf transpiration (E) of the young beech and the young oak tree 
grown in the understorey of the experimental forest ‘Aelmoeseneie’ during the 
calibration period (DOY 194-199), diurnal water storage capacity (DWSC) and 
contributions of stored stem and crown water to total E. The mean values and 
standard deviations are given.    







Contribution to E 
(%) 
Total daily E  93.5 ± 22.3  167.4 ± 38.7  
Stem 0.77 ± 0.12 0.85 ± 0.13 1.26 ± 0.26 0.76 ± 0.09 
Crown 1.34 ± 0.22 1.47 ± 0.24 4.36 ± 0.83 2.64 ± 0.33 
Total 2.11 ± 0.34 2.32 ± 0.37 5.62 ± 1.09 3.40 ± 0.42 
 
As shown in Table 5.4, the total daily contributions of internal water reserves to the 
transpiration was only about 2.3 and 3.4 % for beech and oak respectively. Nevertheless, 
internally stored water plays an important role at times when the transpiration rate exceeds 
the water uptake from the soil. In the morning, the contribution of internally stored water 
to transpiration reached up to 25 % for beech and 50 % for oak. Thus, in the morning the 
contribution of stored water could be as high as the amount of water withdrawn from the 
soil during the same period. This phenomenon is also reported by Edwards et al. (1986), 
Tyree (1988) and Zweifel et al. (2001). Following the suggestions of Edwards et al. (1986) 
and Zweifel et al. (2001), it might be assumed that the water released from the stem and 
the crown storage compartments served as an additional buffer to preclude too low xylem 
water potentials that might otherwise be caused by sudden peaks of transpiration. Through 
the use of stored stem water, the xylem water potential is smoothened along the flow path, 
which may help avoid xylem cavitation. Thus, such a mechanism might enable the tree to 
bridge short transpiration peaks without stomatal closure.  
 
Therefore, it might be concluded that trees can use stored water to allow continued 
photosynthesis even when the transpiration rate exceeds water uptake from the soil. In 
addition, the use of internal water reserves makes trees less dependent, at least in the short 
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term, on soil water content. The crown and stem water storage pools are depleted whenever 
transpiration exceeds water uptake, and as the release of the internally stored water in the 
young trees occurs every day, it might be concluded that the diurnal release of stored water 
is a necessity for efficient water transport under normal conditions.  
5.4 Conclusions 
In this chapter the performance of the flow and storage model was tested in field 
conditions, i.e. a forest. It needed to be verified whether the model, already found to 
perform well in growth room conditions (Chapter 3), was also able to predict the sap flow 
and stem diameter variations measured on young trees grown in a forest. Experimental data 
collected in field conditions generally shows more pronounced dynamics due to the 
irregular variations of the microclimatic variables. In this respect, an experimental set-up 
was established in the experimental forest ‘Aelmoeseneie’.  
 
Under the tree canopy of the forest, young beech and oak trees were planted, and sap flow 
and stem diameter variations were continuously monitored the following year. Light 
intensity measurements revealed that the light regime above the tree canopy differed 
distinctly from that at the forest floor; the light regime under the tree canopy being 
reduced, but very dynamic and characterised by the sudden occurrence of sunflecks on 
sunny days. Despite these low-light conditions, it was found that the young trees of oak 
and beech showed distinct growth, and they both responded physiologically in a realistic 
and dynamic way to changes of the microclimate.  
 
Proper identification of the ‘RCGro’ flow and storage model from experimental data 
obtained on the young beech and oak tree revealed that the performance of the model was 
not negatively affected by the introduction of extra dynamics in the experimental data sets 
of the leaf transpiration rate, the stem sap flow rate and the fluctuation of the stem 
diameter. Such extra variation is always encountered during field measurements due to the 
higher variability in microclimatic factors compared to the artificial microclimate in 
growth room experiments. As the validation step yielded very realistic simulations, it was 
concluded that the flow and storage model can also be applied for correct predictions of the 
stem diameter fluctuation and for the successive simulation of day/night cycles of stem sap 
flow of young trees grown in dynamic field conditions.  
 
In addition, the model allowed to assess the behaviour of parameters and tree-specific 
water relations that are sometimes very difficult to measure. As for the estimated tree-
specific hydraulic resistance, it was found that Rx for beech was approximately two times 
larger than the one for oak; this ratio being consistent with the ratio calculated for the 
theoretical stem specific hydraulic resistivity from wood anatomical data (Chapter 4). As 
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such, this confirmed that the differences in xylem anatomy between beech and oak indeed 
strongly influence their hydraulic water transport function. Model simulations also 
revealed that, due to the greater elasticity of its storage tissue, the hydraulic capacitance of 
oak was larger than that of beech; this being consistent with the results obtained from the 
growth room experiments.  
 
Furthermore, the absolute amounts of internally stored water were estimated from 
simulations of the diurnal courses of water flow in and out of the stem and crown storage 
pool. This, in turn, revealed important information on the tree-specific contribution of 
internally stored water to the total daily transpiration. It was found that the percentage of 
transpired water directly withdrawn from internal reserves increased on cloudy days 
because of the decreased amount of daily transpired water. Notwithstanding the fact that 
the total daily contributions of internal water reserves to daily transpiration was estimated 
to be only 2.3 and 3.4 % for beech and oak respectively, it was concluded that the diurnal 
release of internally stored water is a necessity for efficient water transport in young trees 


















The introductory chapter of this PhD thesis made clear that water transport and the ascent 
of water in trees has fascinated plant physiologists for many years. At the end of the 
nineteenth century, Dixon and Joly (1894) proposed the cohesion-tension theory, which is 
still the generally accepted mechanism for water movement in tall plants; be it with some 
controversy. The cohesion-tension theory states that water is raised from the soil to the leaf 
level by tension (i.e. negative pressure) in xylem conduits created by the evaporation of 
water from leaf cell walls. It was not until 1948, that van den Honert quantified the 
cohesion-tension theory. He considered the pathway of water movement through the soil-
plant-atmosphere continuum (SPAC) as a catenary process, where each catena element is 
viewed as a hydraulic resistance across which water flows and which can be described by 
an Ohm’s law analogon. This model assumes steady-state flow conditions, i.e. water 
uptake by the roots equals water loss by leaf transpiration.  
 
However, this assumption of steady-state flow conditions is not realistic nor correct. This 
is illustrated by many reports in literature revealing significant time lags between water 
loss and water uptake. The case study on the solar eclipse referred to in Section 1.4.2.2 also 
furnishes new experimental evidence on the existence of time lags between branch and 
stem sap flow in a mature beech tree. These time lags can only be explained by the fact 
that trees, in addition to soil water, also utilize internally stored water. Measurements of 
stem diameter variations indeed demonstrate the existence of stored water, which is 
diurnally depleted and subsequently replenished. As such, it causes the diurnal shrinking 
and swelling of the stem diameter. This experimental evidence clearly indicates that water 
transport in trees is highly dynamic. Therefore, the tree can no longer be regarded as a 
simple rigid tube where input of water always equals output, i.e. steady-state flow 
conditions. 
 
Although the dynamic flow of water in trees has already been acknowledged in the 
scientific community for some time, most water transport models still use the ‘van den 
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Honert concept’, most likely because of its simplicity. However, in addition to hydraulic 
resistances (van den Honert model), also capacitances must be taken into account for a 
realistic description of water transport inside a tree. These capacitances allow for water 
flowing in and out of water storage compartments. This occurs when water uptake by the 
roots differs from the water lost by leaf transpiration. Hence, the primary objective of this 
PhD study was the adjustment of van den Honert’s model to a true dynamic flow regime. 
Another objective was the linkage of the changes in water storage with variations in stem 
diameter. In addition to the few models which already perform this task, this study also 
tried to include the growth component of the stem diameter variation in the newly 
developed flow and storage model. The study demonstrated that this was indispensable in 
order to obtain an accurate and realistic water flow model (Chapter 3). A final objective 
was to translate the identified hydraulic resistance parameter used in the model in terms of 
what is really going on inside the tree stem. Therefore, an attempt was made to link the 
model resistance parameter to the real hydraulic function of the tree stem as it can be 
inferred from wood anatomical characteristics (Chapter 4).  
 
In the next sections, the main conclusions are summarised, together with some perspectives 
for future research.  
6.1 Experimental set-up for analysis of sap flow dynamics in 
growth room conditions 
In this study, an experimental system was designed and built suitable for the fundamental 
analysis of the dynamic plant-water relations of young beech (Fagus sylvatica L.) and oak 
(Quercus robur L.) trees subjected to step changes or to abrupt day/night cycles of the 
microclimate. The choice of beech and oak as model species was justified as they showed a 
difference in hydraulic resistance against water flow and, hence, in sap flow dynamics due 
to their striking difference in wood anatomy, i.e. beech is classified as a diffuse-porous tree 
while oak is a ring-porous tree. In addition to the fundamental analysis of the dynamic tree-
water relations, the experimental set-up also allowed the collection of dynamic data sets, 
needed for calibration and validation of the newly developed flow and storage model. 
6.1.1 Control of the microclimate  
It was demonstrated that some of the microclimatic factors in the atmospheric and soil 
environment (such as photosynthetic active radiation, air and soil temperature) around the 
young tree enclosed in the tree chamber of the experimental set-up (see Figure 2.2 in 
Chapter 2) could easily be modified, while others (such as relative air humidity and soil 
water potential) were more difficult to control. The problems encountered during relative 
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humidity control were attributed to the extra water vapour injected in the air by leaf 
transpiration. 
6.1.2 Measurement of sap flow dynamics 
To study the responses of the model trees on imposed (abrupt) changes of the 
microclimate, leaf transpiration rates, sap flow rates and stem diameter variations were 
measured simultaneously. A ‘branch bag – ADC H2O IRGA’ system, Dynagage heat 
balance sap flow sensors and linear variable displacement transducers (LVDT) were used 
for this purpose. The importance of reliability of the measurements and, hence, sensor 
calibration and validation was underlined and illustrated.  
 
As for the sap flow measurements carried out with heat balance sap flow sensors (Section 
2.4.2), it was shown that the daily courses of sap flow can suffer from early morning peaks 
due to the neglect of the heat storage term. The method of Grime et al. (1995a) to remove 
these early morning spikes was illustrated. It was shown that the heat storage term should 
be included in the heat balance equation at low sap flow rates, regardless the size of the 
stem. To implement this correction, measurements of the stem temperature are required. It 
was illustrated that the daily pattern of the stem temperature results from the combined 
effect of both the air temperature and the sap flow rate. Through an off-line experiment the 
separate influence of air temperature and sap flow rate on the change in stem temperature 
of heated stem segments could be quantified. 
 
Because accurate estimates of the sap flow rate are very important for the correct 
interpretation of sap flow dynamics, particular attention was also paid to the correct 
determination of the sheath conductance Ksh. It was shown that the average apparent sheath 
conductance calculated between 0 h and 6 h closely approximates the true Ksh value. 
6.1.3 Interpretation of sap flow dynamics  
The technical description of the experimental system was complemented by the detailed 
analysis of how the system was used to improve our fundamental understanding of water 
transport in trees. Attention was given to some important points that can introduce errors in 
the correct interpretation of sap flow dynamics. It was shown that analysis of the time lags 
between leaf transpiration (measured with the ‘branch bag − ADC H2O IRGA’ system) and 
branch sap flow (measured with a sap flow sensor) can give false results, due to the slow 
response time of the ‘branch bag − ADC H2O IRGA’ system in comparison with the 
response time of the sap flow sensor on the branch.  
 
Furthermore, it was experimentally demonstrated that the branch bag also altered the 
vapour pressure deficit of the air around the leaves. Therefore, it was argued that sap flow 
238  Chapter 6 
rates measured at branch level should be used as surrogate for leaf transpiration rates 
because sap flow sensors have the important advantage that they do not affect the 
transpiration process itself. Moreover, comparison between branch bag and sap flow 
measurements indicated that, in spite of the time shift, both were similar in absolute values.   
 
Through typical examples, the sap flow dynamics of young beech and oak trees were 
highlighted. This was done in terms of time lags between leaf transpiration and water 
uptake by the root system. It was found that the sap flow response of the branch was faster 
than that of the stem, which is consistent with the cohesion-tension theory for ascent of 
water in trees. These time lags in the order of 10 to 25 min between branch and stem sap 
flow indicate that important water storage pools are located along the pathway of water 
from the branches to the stem. In contrast, the water storage pools at root level were found 
to be negligible.  
 
By establishing a linear relationship between the change in internal water storage and the 
change in stem diameter, it was demonstrated that the bark tissue of both the young beech 
and oak tree served as an important stem water storage compartment. This compartment is 
hydraulically connected to the water in the xylem with a low radial resistance. Comparison 
between the xylem and the whole stem (i.e. over-bark) diameter fluctuations revealed that 
75 % to 85 % of the whole stem diameter change was due to the change in living tissue 
outside the xylem. This results from both a higher bark tissue elasticity and an exchange of 
stored water between the xylem and the bark whenever an imbalance exists between water 
demand and supply. Furthermore, the lack of time delays between xylem and whole stem 
diameter fluctuations confirmed that water in the bark tissue is hydraulically connected to 
the xylem water in the stem with a high radial conductance.   
6.2 Mathematical flow and storage model for dynamic water 
transport in young trees 
The primary objective of this study was the design and validation of a flow and storage 
model for water transport in young trees. Based on the insights acquired in Chapter 2 with 
respect to the true dynamic water flow in young beech and oak trees, the mathematical 
translation of the conceptual ideas could be carried out.  
6.2.1 Description of the flow and storage model 
The mathematical flow and storage model developed in this study relates the sap flow 
dynamics (‘water relations’ submodel for the changes of stored water in the storage 
compartment of the stem) to the diurnal fluctuations of the stem diameter. In addition to 
the few existing models already performing this task the component for the stem diameter 
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variation due to growth was also included (‘stem diameter variation’ submodel). This was 
shown to be an indispensable element for an accurate and realistic description of the stem 
diameter fluctuations.  
 
Two different approaches for the ‘water relations’ submodel were compared in this study, 
i.e. the hydraulic approach (referred to as ‘HydGro’) and the resistance-capacitance 
electrical circuit approach (referred to as ‘RCGro’). For both approaches it was shown that 
the model structure, consisting of two xylem flow path sections [i.e. F(stem) and 
F(crown)] and two storage compartments [i.e. stem (mainly bark) and crown], was 
adequate to give a good quantitative representation of sap flow dynamics and stem 
diameter variations. Daily courses of transpiration (E) were used as the only input variable 
for the two model approaches.  
6.2.2 Performance of the flow and storage model in growth room 
conditions 
Comparison of ‘HydGro’ and ‘RCGro’ revealed that the small differences observed in 
simulated results of stem sap flow and stem diameter fluctuations could be attributed to the 
method by which the capacitances (C) of stem and crown were calculated in the ‘water 
relations’ submodel. In the ‘HydGro’ model a desorption curve (adopted from Zweifel et 
al. (2001) and tested for the young beech and oak tree; Section 3.3.2.1) was used for this 
purpose. This implies a variable C; whereas a constant C was used for the ‘RCGro’ model.  
 
One would expect that the use of a desorption curve and, hence, a variable C, would 
predict sap flow dynamics and stem diameter variations more accurately. However, the 
results shown in Chapter 3 of this study proved different. Identification of both the 
‘HydGro’ and the ‘RCGro’ model from experimental data (model calibration) obtained on 
young beech and oak trees in growth room conditions demonstrated that, despite the 
different approaches used to calculate hydraulic capacitances, good model results were 
obtained for either model. Particular attention was thereby paid to the quality of and the 
confidence in the estimated parameters. Because both models successfully passed the 
model validation (model testing) procedure as well, the level of confidence in both models 
increased. The good predictive power found for both approaches might indicate that the 
underlying mechanisms driving the flow and storage model describe the real physiological 
processes involved in water transport quite well. To eventually select the better model 
candidate among both models and, hence, to evaluating the differences between ‘HydGro’ 
and ‘RCGro’, it was stressed that the data on the variation in stem diameter was more 
appropriate compared to stem sap flow, because the dynamics due to the steady-state water 
balance are eliminated from this variable. Based on the calculation of the Final Prediction 
Error, an objective model selection criterion, ‘RCGro’ turned out to be the better model 
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candidate to simulate the sap flow dynamics and stem diameter variations. This model 
showed better model fits and was less complex (less parameters to be estimated) compared 
to ‘HydGro’. 
 
Furthermore, additional validation based on water potential profiles revealed that also 
‘tree-water’ relations could be predicted in a very reliable way (although these profiles 
were not included in the calibration step). This represents an important advantage as some 
of these tree-water relations are very difficult to measure continuously.  
6.2.3 Performance of the flow and storage model in field 
conditions 
In order to verify whether the model was also able to perform well in field conditions, a 
set-up was established in the understorey of the experimental forest ‘Aelmoeseneie’. 
Young beech and oak trees were planted under the tree canopy of the forest and sap flow 
and stem diameter variations were continuously monitored. Despite the low-light 
conditions measured at the forest floor, it was found that the young trees of beech and oak 
showed a distinct growth, and they both responded in a realistic and dynamic way to 
changes of the microclimate. As such, these trees could also be used as model trees. 
 
To test the performance of the flow and storage model with experimental data obtained for 
the young trees in the forest, the ‘RCGro’ approach only was used as this model 
objectively was selected as the better model candidate. Proper identification of the model 
parameters revealed that the performance of the model was not negatively affected by the 
introduction of extra dynamics in the experimental data sets of leaf transpiration, stem sap 
flow and stem diameter variation. Such extra variation is always encountered with field 
measurements due to the higher variability of the forest microclimatic in comparison to the 
artificial microclimate encountered in growth room experiments.  
 
Despite the slightly larger discrepancies between measured and simulated stem diameter 
fluctuations in forest conditions compared to the growth room experiments, the model 
yielded very realistic simulations. Therefore, it can be concluded that the flow and storage 
model can also be applied for the correct prediction of the stem diameter fluctuations and 
for the successive simulation of day/night cycles of stem sap flow of young trees grown in 
dynamic field conditions. 
6.2.4 Comparison of water relations and growth for beech and oak 
From the assessment of the estimated parameters (sometimes very difficult to measure with 
experimental means), it was found that the hydraulic xylem resistance parameter (Rx) for 
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the young beech tree was approximately two times larger than the one for the young oak 
tree. This was attributed to the differences in wood anatomical characteristics between 
beech and oak, as beech is diffuse-porous and oak is ring-porous. It was also found that 
oak had a higher hydraulic capacitance for both the crown and the stem storage 
compartment compared to beech. This higher capacitance was due to the larger elasticity of 
the storage tissues of oak. As for the stem storage compartment, this resulted in larger 
diurnal shrinkages of the stem diameter.  
 
Growth of the stem diameter is incorporated in the model by a functional relationship 
between the influx of water into the storage compartment and the irreversible change in 
volume of the storage compartment. This irreversible volume change depends on the 
pressure potential when a critical value is exceeded. It was demonstrated that the critical 
value only needed to be slightly exceeded (e.g. by only 0.06 MPa) in order to induce 
considerable growth of the tree stem. 
 
From simulations of the diurnal courses of water flow in and out of the stem and crown 
storage pool, it was calculated that the contribution of internally stored water (crown + 
stem) to the total daily leaf transpiration ranged from 1.3 to 2.3 % for beech and from 2.1 
to 3.4 % for oak. The forest experiment revealed that the percentage of transpired water 
directly withdrawn from internal reserves slightly increased on cloudy days. Despite the 
fact that the absolute amount of water withdrawn from the internal storage pools for direct 
contribution to the transpiration rate was less on a cloudy day, the contribution in terms of 
percentage increased due to the lower total daily transpiration on that day. Furthermore, it 
was shown that the contribution to the total daily transpiration of the crown storage was 
quantitatively more important than that of the stem storage. Notwithstanding the fact that 
the contributions to the total daily transpiration were small, the utilization of internally 
stored water was found to be indispensable to provide the leaves with extra water at times 
when water uptake from the soil is insufficient. As such, the diurnal release of stored water 
can be considered as a necessity for efficient water transport in young trees grown in either 
growth room or field conditions. 
6.2.5 Time evolution of growth and hydraulic parameters 
The set-up in growth room conditions allowed studying the time evolution of some 
important parameters (capacitances, resistances, cell wall extensibility) with respect to 
tree-water relations and growth. The results of the time evolution of these characteristics 
turned out to be very valuable. 
 
For both the beech and the oak tree, it was found that the stem hydraulic capacitance 
decreased with time in the growing season, which resulted in smaller diurnal fluctuations 
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of the stem diameter as time proceeded. This was attributed to a decrease in stem storage 
tissue elasticity as trees grew older. Whereas it was found that the hydraulic resistance 
against water flow for beech did not change throughout the growing season, a slight 
increase for oak was observed. This slight increase could be explained by the production of 
smaller latewood vessels following the earlywood vessels that were already produced by 
the oak prior or parallel to leaf expansion.  
 
As for the growth parameters, it was found that the cell wall extensibility (related to the 
irreversible dimensional changes) slightly decreased throughout the growing season. 
Together with a lowered pressure potential in the storage compartment (but still higher 
than its critical value needed to induce growth), this resulted in a smaller irreversible 
expansion or growth of the stem diameter throughout the growing season.  
 
Finally, the analysis throughout time revealed that, due to the lack of growth at the end of 
the growing season, the growth parameters of the flow and storage model could no longer 
be identified. Thus, for a successful identification of the flow and storage model, data are 
needed that contain sufficient dynamic information on both the sap flow dynamics and the 
stem diameter variations (i.e. diurnal changes plus growth). 
6.3 Hydraulic function of stems in relation to wood 
anatomical characteristics 
Identification of the flow and storage model from experimental data revealed that the 
hydraulic resistance for beech was approximately two times that of oak. Because these 
estimated parameters have a rather abstract significance, an attempt was made to link the 
hydraulic resistance against water flow to the wood anatomical characteristics of the tree 
stem. It was demonstrated that the hydraulic function of young tree stems (i.e. the stem 
specific hydraulic conductivity which is inversely proportional to the resistivity) could be 
successfully determined from wood anatomical characteristics using the equation of 
Hagen-Poiseuille. It was found that the wood anatomy influences to a large extent the 
hydraulic conductivity of young tree stems and, thus, the hydraulic efficiency for water 
transport. These calculations revealed that the stem specific hydraulic conductivity of the 
diffuse-porous beech tree was approximately two times lower than that of the ring-porous 
oak tree. Or, in other words, the hydraulic resistivity of beech was two times higher. Thus, 
the two times higher hydraulic resistance parameter found during model calibration was 
certainly due to the difference in wood anatomy between beech and oak.  
 
During the quest to link the hydraulic resistance parameter to wood anatomical 
characteristics, it was experienced that the procedure to obtain cross-sections of wood 
samples by microtomy is time-consuming and difficult (e.g. problems of cross-section 
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curling and damage due to cutting). This makes use of optical micrographs often 
impractical for research which needs quantitative data on wood anatomical characteristics 
in a short period of time. Therefore, a novel approach based on X-ray computed 
microtomography (microCT) was introduced in this study. The new technique for non-
invasive determination of wood anatomical characteristics was tested against the 
drawbacks and limitations of classical microtomy. Newly developed software 
(‘µCTanalysis’) was thereby used to facilitate image processing of 2-D images in terms of 
speed and simplicity.  
 
It was demonstrated that the new ‘µCTanalysis’-software permitted accurate and fast 
measurement of vessel characteristics of wood samples. Furthermore, visual inspection of 
slices produced with microCT revealed a very good correspondence with the micrographs 
of stained thin sections for both beech and oak samples. This close correspondence was 
also confirmed by statistical analysis. Therefore, it was argued that use of micrographs can 
be substituted by microCT slices when accurate information is needed on vessel diameter, 
vessel surface area, vessel density and porosity. 
 
It was found, however, that the wood samples used for microCT should be oven dry. Wet 
samples, which still contain the glycerine-ethanol mixture, yield much less contrast and 
image detail is lost. In addition, microCT also provided the possibility to explore the 
internal 3-D microstructure of the wood matrix. By stacking sequences of microCT slices 
with proprietary software of the instrument, 3-D renderings were produced which showed 
the complexity of the vessel network.  
 
As the new method provides useful 2-D information on vessel diameter, vessel surface 
area, vessel density and porosity with the same accuracy as classical microtomy, and this in 
a very short time period, it can be stated that microCT has a promising potential for future 
research on anatomical characteristics of wood samples. 
6.4 Research perspectives with respect to the flow and 
storage model 
Based on the results obtained in this PhD study, it can be concluded that the flow and 
storage model is a very powerful tool for a detailed and fundamental analysis of sap flow 
dynamics, stem diameter fluctuations and ‘tree-water’ relations. This is true for trees 
grown in either controlled growth room or forest conditions. It might also be useful to 
explore the validity of the model for other plant species, including herbaceous plants and 
tall trees. The test on herbaceous plants would be valuable with respect to their internal 
stem water storage compartments and diameter fluctuations as the entire stem of these 
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plants consists of elastic tissue. This is in contrast with trees which only have a small 
cylinder of elastic tissue (i.e. phloem) around the more rigid xylem of the stem.  
 
The flow and storage model also allows the successful assessment of important hydraulic 
parameters of which some are very difficult to measure. From analysis of the evolution of 
the model parameters throughout the growing season, it was found that some of these 
parameters (hydraulic capacitance C, empirical parameter β needed to compute the initial 
value of the pressure potential in the stem storage compartment and cell wall extensibility 
φ) change with time. As such, the present flow and storage model can be improved by 
incorporating a time-depended function for these parameters instead of using constant 
values as was done in this study. This would allow a longer validity of the model, 
potentially throughout the entire growing season. Probably an additional link with the 
assimilation rate (carbon balance) will be necessary to achieve this goal. 
 
The flow and storage model, in its present state, relies on the fact that trees are well-
watered. Thus, the soil is considered as a non-limiting external water storage pool and the 
soil water potential is given a constant value. As such, effects due to cavitation of the water 
columns within the xylem of the tree could be ignored in this study. However, for water-
stressed trees, the soil is no longer an unlimited source of water. In this respect, the model 
could be further improved by also taking into account the effects of cavitation. This can be 
done following the approach of Hölttä et al. (2002). These authors describe a theoretical 
model for embolism in the sap flow process, in which they consider embolism as a 
physical process linked to real physical properties of the conduits and the thermodynamic 
state of water. Based on the fact that for embolized conduits tension (negative pressure) is 
locally released they were able to established a link with the xylem diameter change. As 
such, they hypothesize that from simultaneous transpiration and xylem dimension change 
measurements the frequency (embolism rate) and extent of embolism can be predicted. 
Furthermore, it might be useful to extend the model by making it more dependent on 
microclimatic factors. In this respect, the Penman-Monteith approach (Penman, 1948; 
Monteith, 1965, 1973) can be adopted for calculation of the transpiration rate from 
microclimatic and physiological data. The soil water potential could be incorporated as a 
function of time as well.  
 
The results obtained in this study demonstrate that the flow and storage model is a very 
powerful tool for detailed and fundamental research on sap flow dynamics, stem diameter 
variations and ‘tree-water’ relations. As the model also allows a successful assessment of 
the water potential (the benchmark of water status indicators but up until now still not yet 
continuously measurable) it might be clear that the perspectives of the dynamic model 
presented in this study are more than only increasing our knowledge on the quantitative 
aspects of plant-water relations. A real challenge would be to introduce this model into 
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more practical applications. In this respect, the ‘speaking plant’ concept offers important 
perspectives. It is not so hard to realize that growers would benefit a lot when they could 
rely on continuous model predictions of the water potential for the evaluation of the water 
status of their crops and plants. This information might then be used to control irrigation 
and growth conditions more objectively instead of relying on arbitrary chosen set-points as 
is often done now. Optimal established growth conditions will eventually result in an 
increased crop yield. It goes without words that this is one of the major objectives that 
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Water transport in trees has fascinated plant physiologists for many years. At the end of the 
nineteenth century, Dixon and Joly (1894) proposed the cohesion-tension theory, which is 
still the generally accepted mechanism for water ascent in tall plants; be it with some 
controversy. In the time that van den Honert (1948) introduced his electrical analogon 
model to mathematically describe the cohesion-tension theory for water ascent, the tree 
was regarded as a simple rigid tube where steady-state flow conditions occur, i.e. water 
uptake by the roots equals water loss by leaf transpiration. However, these assumptions of 
the tree as being a rigid tube and steady-state flow conditions are not realistic nor correct as 
is illustrated by many reports in literature revealing significant time lags between water 
loss and water uptake and the existence of stored water demonstrated by the diurnal 
shrinking and swelling of the stem diameter. This experimental evidence clearly indicates 
that water transport in trees is highly dynamic.  
 
Therefore, the primary objective of this PhD study is to adjust the model of van den Honert 
for the true dynamic flow regime, accounting as such for water storage and fluctuations in 
the stem diameter. Some existing models already perform this task (Perämäki et al., 2001; 
Zweifel et al., 2001), but the newly developed flow and storage model in this study also 
accounts for the stem diameter variation due to growth. The study demonstrated that this 
was indispensable in order to obtain an accurate an realistic water flow model. Another 
objective is the translation of the identified hydraulic resistance parameter used in the 
model in terms of what is really going on inside the tree stem. This is done by establishing 
a link between the model resistance parameter and the real hydraulic function of the tree 
stem as it can be inferred from anatomical characteristics of the xylem. 
 
However, before the modelling exercise was performed in this study, a fundamental 
analysis of the dynamic tree-water relations of young beech (Fagus sylvatica L.) and oak 
(Quercus robur L.) trees was carried out. Therefore, an experimental system was designed 
and built suitable for subjecting the young model trees to step changes or to abrupt 
262  Summary 
day/night cycles in microclimatic variables (i.e. photosynthetic active radiation, relative air 
humidity, air and soil temperature). It was thereby found that control of the relative air 
humidity was very difficult to accomplish due to the extra amount of water vapour brought 
in the air by leaf transpiration. The study of the responses of the young model tree 
(enclosed in the tree chamber of the experimental system) to imposed (abrupt) changes of 
the microclimate was based on measurements of the leaf transpiration rate (‘branch bag 
connected to an ADC H2O IRGA’ system), the sap flow rate (Dynagage heat balance sap 
flow sensors) and the stem diameter fluctuation (linear variable displacement transducers). 
As for fundamental research reliable measurements are of utmost importance, particular 
attention was paid to the aspects of sensor calibration and validation. The technical 
description of the experimental system was complemented by the detailed analysis of how 
the system was used to improve our understanding of water transport in trees. Attention 
was given to some important points that can introduce errors in the correct interpretation of 
sap flow dynamics (such as a difference in response time between the ‘branch bag – ADC 
H2O IRGA’ system and the sap flow sensor; and the altering of the microclimate by using 
branch bags). Through typical examples, the sap flow dynamics of young beech and oak 
trees were highlighted. This was done in terms of time lags between leaf transpiration and 
water uptake by the root system. By establishing a linear relationship between the change 
in internal water storage and the change in stem diameter, it was demonstrated that the bark 
tissue served as an important water storage compartment. This was also confirmed by 
comparison of xylem with whole stem diameter changes. The lack of time lags between 
these measurements stressed the importance of bark and phloem tissue as water storage 
compartment.     
 
Based on the insights on the dynamic flow of water in the young beech and oak model 
trees, a new flow and storage model was developed. Two different approaches were 
compared, i.e. the hydraulic approach (referred to as ‘HydGro’) and the electrical approach 
(referred to as ‘RCGro’). From the theoretical comparison of ‘HydGro’ and ‘RCGro’ it 
was found that the differences in simulation results for stem sap flow and stem diameter 
variation must be attributed to the method by which the capacitance (C) was calculated: 
use of a desorption curve and, hence, a variable C in ‘HydGro’ versus a constant C in 
‘RCGro’. Identification of both models from experimental data obtained for young beech 
and oak trees showed that, in growth room conditions, measured and simulated data were 
in very good agreement. Without any additional calibration, both model approaches 
successfully passed the model testing process (validation step) as well. Based on the 
calculation of the Final Prediction Error, an objective model selection criterion, ‘RCGro’ 
turned out to be the better model candidate to simulate sap flow dynamics and stem 
diameter variations. This model showed better model fits and was less complex (less 
parameters to be estimated) compared to ‘HydGro’. Furthermore, it was shown that the 
performance of the model was not negatively affected by the introduction of extra 
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dynamics in the experimental data sets for leaf transpiration, stem sap flow and stem 
diameter variation. Such tests were done for a young beech and oak tree grown in forest 
conditions. Furthermore, from the validation based on water potential profiles it could be 
concluded that also important ‘tree-water’ relations (such as the water potential and its 
components, the bulk elastic modulus of living tissue, hydraulic resistance and hydraulic 
capacitances) could be predicted in a very reliable way. This represents an important 
advantage of the model developed in this study as some of them are very difficult to 
measure continuously. In this respect, the model offers important perspectives towards 
more practical applications as they can be found in the ‘speaking plant’ context. 
 
Based on simulated results and estimated parameters, both the young beech and the young 
oak tree were then compared in terms of their water flow dynamics and storage capacity, 
growth, and hydraulic functioning. This was done at different moments throughout the 
growing season, revealing as such the time-dependence of these characteristics. In general, 
it was found that the hydraulic capacitance of oak was higher than that of beech. With 
respect to the stem storage compartment, this resulted in larger diurnal stem diameter 
shrinkages, due to the higher elasticity of the oak storage tissue. It was also shown that 
both trees utilized water from internal storage compartments on a daily basis in order to 
provide leaves of extra water when water uptake from the soil was insufficient. It was 
found that the contribution of internally stored water to the total daily leaf transpiration 
ranged from 1.5 to 3 %.  
 
To avoid the fact that the values of the hydraulic parameters of the model remained too 
abstract for both tree species, a link was established between the parameter value for 
hydraulic resistance and the wood anatomical characteristics of the tree stem. It was 
demonstrated that the hydraulic function of young tree stems (i.e. the stem specific 
hydraulic conductivity which is inversely proportional to the resistivity) could be 
successfully determined from wood anatomical characteristics using the equation of 
Hagen-Poiseuille. These calculations revealed that the stem specific hydraulic conductivity 
of the diffuse-porous beech tree was approximately two times lower than that of the ring-
porous oak tree. Thus, the two times higher hydraulic resistance parameter found during 
model calibration must be atrributed to the difference in wood anatomy between beech and 
oak. 
 
It is also noteworthy that the wood anatomical characteristics in this study were analysed 
using a novel approach based on X-ray computed microtomography (microCT). This, in 
combination with newly developed software, facilitated fast image processing of 2-D 
images. The new microCT technique for non-invasive determination of wood anatomical 
characteristics was tested against the drawbacks and limitations of classical microtomy. It 
was argued that use of optical micrographs can be substituted by microCT slices for the 
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study of vessel characteristics. It was shown that the new method (microCT combined with 
new software) provided useful 2-D information on vessel diameter, vessel surface area and 
vessel density with the same accuracy as classical microtomy and this within a short period 
of time. In addition, the method made it possible to produce 3-D renderings of the stem 
















Watertransport doorheen bomen fascineert plantfysiologen reeds geruime tijd. Aan het 
einde van de negentiende eeuw stelden Dixon en Joly (1894) de ‘cohesie-tensie’ theorie 
voor die tot op heden nog steeds als het algemeen geldend mechanisme voor de 
beschrijving van het opwaarts watertransport doorheen bomen wordt aanvaard; zij het met 
enige controversie. In de tijd dat van den Honert in 1948 zijn elektrisch analogon 
voorstelde om de ‘cohesie-tensie’ theorie mathematisch te beschrijven werd de boom als 
een rigide buis beschouwd waarin stationaire stromingscondities optreden, d.w.z de 
wateropname via de wortels precies gelijk aan het transpiratieverlies via de bladeren. Deze 
veronderstelling is echter foutief aangezien verschillende studies aantonen dat er 
significante tijdsvertragingen bestaan tussen enerzijds transpiratie op bladniveau en 
anderzijds sapstroom op stamniveau. Bovendien wijst ook het dagelijks zwellen en 
krimpen van de stamdiameter op het gebruik van water uit interne reserves. Deze 
vaststellingen tonen duidelijk aan dat watertransport doorheen bomen een dynamisch 
proces is. 
 
De hoofddoelstelling van dit doctoraatsonderzoek is dan ook het ‘van den Honert’ model te 
corrigeren voor de dynamische aspecten van de waterstroming doorheen bomen, zodat 
fenomenen als wateropslag en stamdiameterfluctuaties in rekening gebracht worden. Naast 
de enkele bestaande modellen die dit reeds kunnen beschrijven (Perämäki et al., 2001; 
Zweifel et al., 2001), brengt het nieuw ontwikkelde model voor waterstroming en opslag 
ook de toename van de stamdiameter in rekening als gevolg van groei. Uit de studie bleek 
dat dit aspect noodzakelijk was om tot een correct dynamisch waterstromingsmodel te 
komen. Een ander objectief is de vertaling van de geschatte modelparameter voor 
hydraulische weerstand in termen van wat er zich nu werkelijk afspeelt binnenin de boom. 
Dit werd gerealiseerd door een verband te leggen tussen de hydraulische 
weerstandsparameter enerzijds en de werkelijke hydraulische functie van de stam 
anderzijds, zoals die kan bepaald worden aan de hand van anatomische karakteristieken 
van het xyleem. 
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Alvorens echter de stap te zetten naar de opbouw van het model, werden de fundamentele 
dynamische ‘boom-water’ relaties bestudeerd voor jonge beuken (Fagus sylvatica L.) en 
eiken (Quercus robur L.). Om het dynamisch watertransport doorheen de modelbomen na 
te gaan, werd een experimentele proefopstelling gebouwd die toeliet de bomen te 
onderwerpen aan stapveranderingen en aan abrupte dag/nacht variaties in verschillende 
microklimatologische factoren (zoals fotosynthetisch actieve straling, relatieve 
luchtvochtigheid, lucht- en bodemtemperatuur). Uit de studie met betrekking tot het 
beïnvloeden van de omgevingsfactoren in het atmosferisch compartiment rond de 
modelboom, bleek dat de controle van de relatieve luchtvochtigheid moeilijk realiseerbaar 
was door de extra toevoer van water in de omgevingslucht als gevolg van de transpiratie. 
Om de dynamische responsies van de jonge modelbomen op het veranderd microklimaat in 
de groeikamer te bestuderen, werden de bomen uitgerust met een ‘branch bag’ verbonden 
met een ADC H2O IRGA systeem ter bepaling van de transpiratiesnelheid, met Dynagage 
warmtebalans sapstroomsensoren om de sapstroom te meten en met LVDT sensoren 
(Linear Variable Displacement Transducer) op stamniveau voor het meten van de 
diameterfluctuatie. Omdat fundamenteel wetenschappelijk onderzoek en analyse enkel kan 
uitgevoerd worden wanneer de experimentele data betrouwbaar zijn, werd doorheen deze 
studie extra aandacht besteed aan de kalibratie en de validatie van de sensoren. De 
technische beschrijving van de experimentele proefopstelling werd verder aangevuld met 
een gedetailleerde analyse van hoe het systeem werd gebruikt om het dynamisch 
watertransport doorheen bomen dieper te doorgronden. Een aantal factoren die mogelijke 
fouten kunnen introduceren in de interpretatie van de sapstroomdynamiek werden 
toegelicht (bv. het verschil in responstijd tussen het ‘branch bag – ADC H2O IRGA’ 
systeem en de sapstroomsensor; en het gewijzigd microklimaat door gebruik van een 
‘branch bag’). Aan de hand van typische voorbeelden werd de dynamische sapstroom 
doorheen de jonge beuken en eiken geïllustreerd. Hierbij werd vooral gekeken naar 
mogelijke tijdsvertragingen tussen transpiratieverliezen via de bladeren en wateropname 
door de wortels. Verder was het ook mogelijk om een lineaire relatie op te stellen tussen de 
verandering in interne wateropslag enerzijds en de verandering in stamdiameter anderzijds. 
Een dergelijke relatie toont duidelijk aan dat de bast kan beschouwd worden als een 
belangrijk compartiment voor wateropslag. Deze vaststelling werd ook bevestigd door de 
gemeten fluctuaties van het xyleem te vergelijken met die van de totale stam. Het 
ontbreken van tijdsvertragingen tussen deze metingen wees op het belang van de bast en 
het floëem als intern wateropslag reservoir.   
 
Steunend op de inzichten in de dynamiek van de waterstroming doorheen jonge beuken en 
eiken, werd vervolgens een nieuw model voor waterstroming en opslag ontworpen. Twee 
verschillende benaderingen werden hierbij met elkaar vergeleken, enerzijds een 
hydraulische benadering (waarnaar verwezen wordt als ‘HydGro’) en anderzijds een 
elektrische benadering (waarnaar verwezen wordt als ‘RCGro’). Een theoretische 
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vergelijking tussen ‘HydGro’ en ‘RCGro’ toonde aan dat de verschillen in 
simulatieresultaten voor sapstroom en stamdiameterfluctuaties het gevolg waren van de 
manier waarop de capaciteit (C) werd berekend: een variabele C in ‘HydGro’, steunend op 
de desorptiecurve, of een constante C in ‘RCGro’. Modelidentificatie op basis van 
experimentele data voor de jonge modelbomen, in de gecontroleerde omstandigheden van 
een groeikamer, toonde aan dat de simulaties bijna perfect samenvielen met de 
overeenkomstige metingen, en dit voor beide benaderingswijzen. Zonder bijkomende 
kalibratie werden beide modellen eveneens succesvol gevalideerd aan de hand van nieuwe 
data sets. Door gebruik te maken van een objectief criterium voor modelselectie (Final 
Prediction Error) kon ‘RCGro’ naar voor geschoven worden als het betere kandidaatmodel 
voor simulaties van sapstroomdynamiek en stamdiameterfluctuaties. Dit model liet steeds 
een betere fit toe dan ‘HydGro’ en was minder complex (minder te schatten parameters). 
Daarnaast werd ook aangetoond dat de simulaties van het model niet negatief beïnvloed 
werden door extra dynamiek in de transpiratie, sapstroom en stamdiameterfluctuaties. Deze 
testen werden uitgevoerd op jonge beuken en eiken in bosomstandigheden. Validatie aan 
de hand van een opgemeten verloop voor bladwaterpotentialen toonde aan dat het model 
ook in staat is om andere ‘boom-water’ relaties goed te beschrijven (zoals de 
waterpotentiaal en zijn componenten, de bulk elastische modulus van levende weefsels, de 
hydraulische weerstand en de hydraulische capaciteit). Dit betekent een belangrijk 
voordeel aangezien sommige van deze relaties nog steeds niet op een bedrijfszekere manier 
continu op te meten zijn. In dit opzicht biedt het model dan ook belangrijke vooruitzichten 
naar meer praktische toepassingen toe, zoals die kunnen gevonden worden in de context 
van de ‘sprekende plant’. 
 
De simulatieresultaten en de geschatte parameters werden vervolgens gebruikt om de 
sapstroomdynamiek en opslagcapaciteit, de groei en de hydraulische functie van beuk en 
eik met elkaar te vergelijken. Aangezien deze vergelijking op verschillende tijdstippen 
doorheen het groeiseizoen werd uitgevoerd, kon de tijdsafhankelijkheid van deze 
karakteristieken aangetoond worden. De hydraulische capaciteit voor eik bleek steeds 
groter te zijn dan de capaciteit voor beuk. Op stamniveau resulteerde dit voor eik in een 
sterker uitgesproken dagelijkse diameterkrimp, wat toegeschreven werd aan de hogere 
elasticiteit van het opslagweefsel voor eik. Er kon ook aangetoond worden dat beide 
bomen dagelijks water gebruikten uit hun interne reserves om zo de bladeren van extra 
water te voorzien wanneer wateropname uit de bodem onvoldoende was. Het werd 
berekend dat de bijdrage van intern opgeslagen water tot de dagelijkse transpiratie 
gemiddeld 1.5 tot 3 % bedraagt.       
 
Om tenslotte een zinvolle betekenis te kunnen geven aan de nogal abstracte hydraulische 
weerstandsparameter van het model, werd het verband gelegd tussen deze mathematische 
modelparameter enerzijds en de anatomische houtkarakteristieken van de stam anderzijds, 
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en dit voor beide boomsoorten. In deze studie werd aangetoond dat de hydraulische functie 
van jonge stammen, meer bepaald de stam specifieke hydraulische geleidbaarheid, op een 
zinvolle manier kan bepaald worden steunend op de anatomische houtkarakteristieken en 
gebruikmakend van de Hagen-Poiseuille vergelijking. De berekeningen maakten duidelijk 
dat de stam specifieke hydraulische geleidbaarheid voor de diffuusporige beuk ongeveer 
twee keer kleiner was dan die voor de ringporige eik. Dus, de twee keer grotere 
hydraulische weerstand, geschat tijdens de kalibratie van het model, moet toegeschreven 
worden aan het verschil in houtanatomie tussen beuk en eik. 
 
Het is belangrijk om hierbij op te merken dat de anatomische houtkarakteristieken in deze 
studie geanalyseerd werden door gebruik te maken van een nieuwe benaderingswijze die 
steunt op X-stralen microtomografie (microCT), en dit in combinatie met nieuw 
ontwikkelde software. Deze software werd speciaal ontwikkeld om de beeldanalyse van   
2-D beelden te vergemakkelijken. De nieuw voorgestelde microCT techniek voor niet-
destructieve bepaling van anatomische houtkarakteristieken werd getest ten opzichte van 
de nadelen en beperkingen van microtomie gebruikt bij klassieke lichtmicroscopie. Op 
basis van de resultaten werd geargumenteerd dat microCT dwarsdoorsneden gemakkelijk 
optische micrografische beelden kunnen vervangen voor gedetailleerd onderzoek van 
vatkarakteristieken. Er werd aangetoond dat de nieuwe methode (microCT gecombineerd 
met de nieuwe software) in een korte tijdsduur bruikbare 2-D informatie oplevert met 
betrekking tot de vatdiameter, de vatoppervlakte en de densiteit aan vaten. Bovendien 
maakte de nieuwe techniek het ook mogelijk om 3-D beelden te reconstrueren van de 
inwendige xyleem structuur van de stam, wat de complexiteit van het vatennetwerk van 
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